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Atomically thin 2D materials have gained the interest of the scientific community in the
past decade due to their exotic electronic and optoelectronic properties, thus emerging as
potential candidates for the next generation of nano-devices. Quantum confinement in one of the
dimensions is the primary reason for these exotic properties. However, it has been seen that these
properties are widely inconsistent, and they are controlled by variety of factors such as material
synthesis, device fabrication, testing environment, etc. Due to low dimensional nature of these
materials, defects are inevitable. These defects typically originate from either the presence of
bulk impurities or interface between sample and substrate. These defects manifest as mid-gap
states in semiconductor channel and act as trapping centers for charge carriers, thus often
referred to as trap states. The presence of trap states is not necessarily a detrimental thing. In this
dissertation, I will focus on the role these trap states play in the emergence of few electronic and
optoelectronic properties.
High responsivity (R) in photodetectors based on 2D materials is mainly associated with
a presence of photogating effect in which trap states dynamics plays a crucial role. Photogating
also results in fractional power (γ) dependence of the photocurrent (Iph) on an effective
illumination intensity (Peff). Chapter 2 presents photoconductivity studies of few layers of
rhenium diselenide (ReSe2) based field-effect transistors (FETs) over a wide range of applied
gate voltages (-48 V ≤ Vg ≤ 60 V) and temperature (20 K ≤ T ≤ 300 K). A very high
responsivities ≈ 16500 A/W and external quantum efficiency (EQE) ~ 106 % (at 140 K, Vg = 60
i

V and Peff = 0.2 nW) was obtained. Investigating R and γ at various gate voltages and over a
wide range of temperatures leads to a strong correlation between R and γ. Such correlations
indicate the importance of trap states and photogating in governing high responsivities in these
materials.
It is expected that thicker samples will aid in photoconduction by effectively increasing
photon absorption. In chapter 3, a layer dependent study of optoelectronic properties of indium
selenide (InSe) based FETs shows that responsivity decreases for thicker InSe devices. In these
devices, photogating remains constant (similar γ) and responsivity depends predominately upon
field-effect mobility (μFE). Interlayer resistance regulates the mobility and (consequentially)
responsivity. Thus, mobility dominates the responsivity and trap states play second fiddle.
The presence of metal−insulator transition (MIT) in two-dimensional (2D) systems leads
to tunable material properties by regulating parameters such as charge carrier density. Chapter 4
shows our observation on MIT in the 2D copper indium selenide (CuIn7Se11) flakes by
electrostatic doping via the SiO2 back gate. A temperature and gate voltage dependence of
conductivity (σ) of CuIn7Se11 FET shows clear evidence of the metallic and insulating phase.
Evidence of 2D variable-range hopping (VRH) and percolation critical conductivity confirms the
presence of charge density inhomogeneity originating from trap states. The low effective mass
and high dielectric of copper indium selenide systems result in a lower critical charge carrier
density required for percolation-driven MIT, attended by conventional SiO2 dielectric gate.
Even though findings reported in this dissertation are performed on specific materials,
fundamental understandings can be easily extrapolated to other 2D systems. Understanding the
role of trap states will provide valuable insights for the design and development of highperformance devices using 2D materials.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
We currently live in the age of information enabled by the birth of the semiconductor
electronics industry, attributed to two important discoveries in mid-20th century. First in 1947
when scientists at Bell Labs designed the semiconductor transistor and second in 1958 when a
scientist at Texas Instruments built an integrated circuit. Since then, the semiconductor industry
has evolved exponentially during last half century. The true catalyst in the advancement of the
semiconductor industry is the discovery of silicon [1] and emergence of nanotechnology which
was predicted by Richard Feynman in his famous lecture entitled ‘There's Plenty of Room at the
Bottom’ [2].
Intel co-founder Gordon Moore predicted several trends in the field of electronics,
including ‘Moore’s Law’ which states that the number of transistors on an integrated circuit (IC)
will double every year (later revised to every 2 years) [3]. Intel 4004 (first commercial processor)
contained approx. 2300 transistors on a microprocessor chip, whereas core i7 (current processor)
contains almost 2 billion transistors in same size microprocessor chip. This scaling was possible
due to the evolution of transistor technology, like integration of metal-oxide-semiconductor
field-effect transistor (MOSFET) into a microprocessor in the 1970s, incorporation of strained
Silicon in the early 2000s and inclusion high κ metal gate and tri-gate (FinFET) in the 2010s. It
is worth noting that semiconductor technology has evolved in two main directions: device
architecture and material systems. The size of one transistor is approaching atomic dimensions,
thus we are unlikely to see another major evolution in device architecture. Scientists are
currently looking other materials to be candidates for future electronics.
Late 20th and early 21st centuries saw the discovery of various nanoscale materials.
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Semiconducting quantum dots (considered zero-dimensional (0D) materials) in a glass matrix
showed good electronic and optical properties [4]. The revolution in nanoscale materials came
when single-walled carbon nanotubes, SW-CNTs, (considered one-dimensional (1D) material)
showed extraordinary mechanical, electrical, and thermal properties combined with a low mass
density [5,6]. In 2004, researchers at University of Manchester showed groundbreaking
experiments and exceptional properties in graphene, the first two-dimensional (2D) material [7].
1.1 Two-dimensional (2D) Materials
1.1.1 Rise of 2D materials
Initially reports [8-10] on the high carrier mobility in graphene devices suggested that it
will be ideal material for electronics applications however the lack of band gap made it
ineffective for transistor applications. Graphene can be modified to graphene nanoribbons
(GNRs) to open a band gap by either chemical synthesis [11,12] or lithography patterning
[13,14] however lack of control over edges gives rise to non-universal properties. In 2011,
researchers from EPFL demonstrated fabrication of single layer MoS2 field-effect transistor
(FET) [15]. Molybdenum disulfide (MoS2) direct band gap of 1.9 eV in monolayer and indirect
band gap of 1.2 eV in bulk [16]. Since then, research on 2D materials for electronics gained a
massive momentum. Currently a family of 2D materials consists of 500+ members, either
experimentally synthesized and analyzed or computationally predicted and studied [17]. These
2D materials exhibit a wide variety of properties such as metals (VS2), semimetals (graphene),
insulators (h-BN) and semiconductors with a band gap ranging from infrared (transition metal
dichalcogenides (TMDs) like MoTe2, WTe2, TiS2), Visible (TMDs like MoS2, WS2 and Group
III-VI materials like InSe, GaSe, GaS) to ultraviolet (germanene, SiC) range of spectrum [17].
TMDs demonstrated good electronic properties [18-20], however a band gap of TMDs
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changes from indirect to direct as number of layers thinning down from bulk to monolayers [16].
For optoelectronics applications, it is crucial to have a direct band gap as it makes several optical
processes efficient as well as a longer optical path through the semiconductor material for
efficient absorption [21]. Thus, TMDs are not an ideal candidate for optoelectronic transport.
Group III-VI based layered materials, such as Indium Selenide (InSe), possesses more superior
properties than TMDs in terms of higher carrier mobility [22], direct band gap [23], high charge
density and so on. Thus, research towards group III-VI materials has gained a momentum in last
couple of years.
1.1.2 Selenide-based 2D materials
Selenide based 2D materials in their bulk form exhibit diverse structural forms which
lead to multifunctional properties such as electronics, optoelectronics, and thermoelectrics etc.
[24]. Traditionally, photoconductive properties of amorphous selenium (α-Se) thin films were
used in x-ray detectors with applications in photocopying, photocells, light meters and solar
cells. Various selenide-based materials exhibited excellent optoelectronic properties. For
example, zinc selenide doped with chromium (ZnSe:Cr) is used as a gain medium in the infrared
laser. The presence of a lone electron pair in group III-, IV- and V- selenide repels the
neighboring atoms, thus creating a van der Waals gap between layers. Most of the current
research is focused on binary 2D materials. Electronic and optoelectronic performance of several
binary materials can be improved by either incorporation/alloying with suitable dopants or by
forming heterostructure with other low-dimensional materials or by engineering device geometry
[25,26]. Multi-elemental systems bring an extra degree of freedom via stoichiometric variation,
thus ternary 2D materials have gained attention in recent years [27]. In this dissertation,
investigation is primarily focused on electronics and optoelectronics transport of three selenide-
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based 2D materials: TMDs (ReSe2), group III-VI (InSe) and ternary (CuIn7Se11). Apart from the
above-mentioned materials, I have also investigated tungsten selenide (WSe2), tin-doped indium
selenide (In1-xSnxSe), bismuth selenide (Bi2Se3), and indium-doped bismuth selenide ([Bi1xInx]2Se3).

Re-based TMDs have recently attracted attention due to their unique in-plane anisotropic
transport properties [28-34]. ReSe2 is commonly found in distorted 1T phase with four in-plane
Re atoms arranged in a diamond-like shape along the b-direction [28]. ReSe2 is an indirect
bandgap material (bandgap of 1.27 eV for bulk and 1.24 eV for a monolayer) and it exhibits
anisotropic electrical and optical properties [35]. Unlike other TMDs, optical and vibrational
properties of ReSe2 are weakly dependent on the number of layers, due to weak inter planar
coupling [36]. Initial FET results show ambipolar behavior with excellent electron mobility.
InSe exists in 4 different phases (β, ε, γ, and δ) based on the stacking arrangement of
monolayers which consists of 4 (quaternary) planer layers of closed packed Se-In-In-Se
monoatomic sheets as a hexagonal lattice [37]. γ-phases are commonly found and their unit cell
consists of three monolayers i.e. twelve atoms [38]. Electronically, bulk InSe is a typical n-type
semiconductor with a direct band gap of 1.3 eV [23]. Photoluminescence (PL) peaks exhibit blue
shift (towards higher energy) and weakening of PL intensity as the number of layers decreases to
a monolayer, corresponding with direct to indirect band gap crossover with decreasing layer
numbers [39].
Bulk Copper Indium Selenide (CIS) has been widely used in optoelectronics research and
the optoelectronics industry as a new generation material for ultra-thin flexible solar cells due to
its high responsivity and wide spectral range [40]. Ternary CIS comes in various crystal
structures depending on the ratio between Copper and Indium [40]. If Copper to Indium ratio lies
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in-between 1:5 to 1:9, CIS forms a layered structure (γ-phase) with hexagonal stacking of closepacked selenium anions [40]. Here, we are interested in the γ-phase of CIS (as Indium rich
phases are typically n-type) where it is expected to have a layered structure as well as excellent
optoelectronics properties of bulk CIS. As synthesized CIS shows composition as CuIn7Se11.
1.2 Experimental techniques
1.2.1 Material synthesis and characterization
ReSe2 single crystals were synthesized by Prof. Pradhan in National High Magnetic Field
Laboratory via a chemical vapor transport (CVT) method with iodine as the transport agent [33].
In a typical process, 99.999% pure Re and Se powders were introduced into a clean quartz tube.
For cleaning, quartz tubes were rinsed with IPA, Acetone followed by vacuum drying. After
loading precursors into the quartz tube, it was first evacuated and sealed. The sealed quartz tube
was then heated to a temperature of 900 0C (at a rate of ∼100 0C/h) and it was held for 1 week.
Subsequently, the temperature was reduced to 850 0C (at a rate of 10 0C/h) and it was held for 6
hours. The quartz tube was cooled to room temperature by sudden quenching in air. Detailed
characterizations (STEM, electron diffraction, Raman spectra) are reported elsewhere [33].
A single crystal of InSe was synthesized in Prof. Ajayan’s lab at Rice University using
thermal treatment of a nonstoichiometric mix of indium and selenium [38]. A mixture of indium
(> 99.99%, Alfa Aesar Co.) and selenium (> 99.99%, Sigma-Aldrich Co.) with a molar ratio of
52:48 was sealed in a quartz tube under millitorr vacuum. In the beginning, the system was
heated to 685 0C and maintained for a few hours to ensure a complete reaction between In and
Se. Thereafter, the temperature was raised to 700 0C and was maintained at this temperature for
another 3 hours. The system was then cooled down to 500 0C at a rate of 10 0C per hour. Once
the system was cooled down to 500 0C, it was allowed to cool down naturally to the room
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temperature to acquire high-quality InSe crystals. A detailed structural characterization of as
produced bulk InSe single crystals was previously reported [38,41,42].
Synthesis of 2D CIS has been carried out in the laboratory of Prof. Ajayan at Rice
University via thermal treatment of a nonstoichiometric mix of Cu2Se and In2Se3 [43]. A mixture
of Cu2Se and In2Se3 in molar ratio of 1:7 was grounded in a mortar to give uniform texture and
transferred to an evacuated quartz ampoule (< 10−3 torr, flushed with Argon). The quartz
ampoule was placed in heated furnace at 9500C for 5 hours, then was slowly cooled down 7000C
at 50C/min, followed by naturally cooling to room temperature. A grown CIS single crystal has a
black mica-like texture and it is characterized by SEM, HRTEM, EDX and XRD [43]. The ratio
between Copper and Indium has been found to be 1:7, which is consistent with layered phase
formation in CIS, resulting in composition of CuIn7Se11.
1.2.2 Device fabrication

Figure 1.1: A schematic representation of mechanical exfoliation from bulk crystal and device
fabrication with thermal evaporator. CuIn7Se11 is used as a sample material.
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Systematic process (with CuIn7Se11 as an example) of typical device fabrication via inhouse built thermal evaporator is shown in Figure 1.1. A few-layered flake of 2D material was
exfoliated on a SiO2/Si wafer via scotch-tape-assisted mechanical exfoliation (ME). Typically,
300 nm SiO2 is used as gate terminal for FET measurements. For electrical contacts, Chromium
(Cr) and Gold (Au) metals are used. Cr (∼ 20 nm) and Au (∼ 240 nm) were deposited by using
an in-house built thermal evaporation system through a metal shadow mask. The quality of
contacts were further improved by low temperature annealing (∼ 150 - 200 0C) for 2 hours. After
annealing, the wafer was transferred onto a chip holder (Spectrum Semiconductor, CSB02842)
and fixed using silver paste. Cr/Au contacts were connected to the chip holder by wire bonding
using Au wire. The chip holder was mounted on the cold head of the cryostat (SHI Cryogenics
Group, RDK-101D) for electronic and optoelectronic transport studies. The chamber was
evacuated to a high vacuum (∼ 105 Torr) using a mechanical and turbo pump (BOC Edwards).
All transport studies were carried out under vacuum to eliminate the effects of the adsorbed
layer. Devices presented in this dissertation are fabricated via this process unless otherwise
specified.
For electronic transport studies, Keithley 24xx-series SourceMeters is used to source and
measure voltage and/or current at source, drain and gate terminal of FETs, through BNC cables.
Keithley SourceMeters is controlled through LabVIEW 2015 (National Instruments) via General
Purpose Interface Bus, GPIB (IEEE 488 interface). The temperature of cold head (20 K < T <
300 K) is controlled by a closed cycle helium compressor (Sumitomo heavy industries ltd.,
helium compressor unit, CAN-11). For optoelectronic transport studies, FET is illuminated by
continuous laser (Coherent Inc., CUBE 640-40C) of wavelength, λ = 640 nm (E = 1.94 eV) with
spot size of ∼ 3 mm and variable laser illumination intensity (0.85 mW ≤ P ≤ 40 mW). Collected
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data is plotted and analyzed using OriginPro 2015 or later.
1.2.3 Theory of electronic transport and figures of merit
In order for charge carriers to move in the semiconductor channel, they need to transition
from valence band to conduction band. This transition occurs via either band-to-band transition
(thermally activated transport) or trap-assisted hopping transition (variable range hopping
transport) or both. In case of a crystalline semiconductor, charge carrier transport is mainly
governed by thermally activated transport. In the case of a disordered/polycrystalline
semiconductor, charge carrier transport is governed by variable range hopping transport.
In case of thermally activated transport, electrical conductivity (σ) can be expressed as a
function of temperature (T) by Equation 1.1,
𝜎(𝑇) = 𝜎0 𝑒

𝐸
−( 𝑎⁄𝑘 𝑇 )
𝐵
.…………..…………….….

(1.1)

where, Ea is activation energy, kB is the Boltzmann constant and σ0 is a constant which, in some
cases, may dependent on temperature. Activation energy can be estimated from the linear region
of the Arrhenius-like plot [ln σ vs 1/T]. The Arrhenius-like plot also serves as proof of concept
for thermally activated transport.
For variable range hopping transport (VRH), where charge carrier jumps/hops between
localized trap states, electrical conductivity (σ) can be expressed as function of temperature (T)
by Motts model, Equation 1.2,
𝜎(𝑇) = 𝜎0 (𝑇) 𝑒 −(

𝑇0⁄ 𝛾
𝑇) …………..…………….….

(1.2)

where, T0 is a hopping parameter associated with characteristic temperature and γ = 1/(1+d) with
d being the dimensionality of the system. For example, in the case of a 3D channel, d = 3 and γ =
1/4 and so on. For 2D materials, it is expected that VRH conduction will follow 2D-VRH, where
d = 2 and γ = 1/3. Also, σ0(T) = A*Tm, where A is constant and m is an empirical constant with
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its value lying between -1 and -0.8. The plot of ln (σT0.8) vs T-1/3 serves as proof of concept for
2D-VRH, and the hopping parameter (T0) can be estimated from a linear region. Localization
length (ξ) can be estimated from a hopping parameter (T0) by using Equation 1.3 [44],
𝜉2 =

13.8
(𝑘𝐵 × 𝑇0 × 𝑁𝑡𝑟 )
…………..……………….…. (1.3)

Where, kB is the Boltzmann constant and Ntr is density of trap states.
In a FET, a semiconducting channel connects two charge reservoirs, known as the source
and the drain. A third electrode (known as the gate) is separated from the channel by an isolator
(usually insulating metal oxide) and it can be used to modulate conductivity of the channel by
electrostatic doping. An applied drain-source voltage (Vd) drives a drain current (Id) through the
channel and applied gate voltage (Vg) controls drain current by controlling conductivity of
channel. Typical FET exists in three regions depending on the gate voltage separated by on-set
voltage (Von) and threshold voltage (Vth): off-state, subthreshold and superthreshold. In the case
of a FET with an n-type semiconducting channel, off-state exists for Vg < Von when resistance of
the channel is high and low Id (ideally ≤ 10-12 A). In the subthreshold region (Von < Vg < Vth), Id
depends exponentially on Vg and the transistor can act as an amplifier [45]. In the superthreshold
region (Vth < Vg), Id depends linearly on Vg and the transistor is in an on-state (resistance of
channel is low).
Various figures of merits are used to characterize the performance of FET. On/off ratio
(Id,on/Id,off) is defined as the ratio of maximum on-state drain current (Id,on) and minimum off-state
current (Id,off). Ideally, FET is considered state-of-the-art when the on/off ratio lies in ∼ 104-107
with a small off-state current for low power consumption [45]. Mobility is defined as the average
drift speed of charge carriers under a unit electric field. High mobility is desirable for better
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performance of FETs as it will decrease power dissipation and improve screen luminance,
resolution, switch speed, etc. [46]. Field-effect mobility (μFE) can be calculated from the
superthreshold region (Vg > Vth) of transfer characteristics using Equation 1.4
𝜇𝐹𝐸 =

𝐿
𝜕𝐼𝑑
𝑊 𝐶𝑜𝑥 𝑉𝑑 𝜕𝑉𝑔
…………..……………….…. (1.4)

where Vd is source-drain voltage, and L and W are geometrical device parameters, corresponding
respectively to length and width of the channel and is capacitance per unit area of dielectric used
as a back gate. For 300 nm thick SiO2, Cox = 1.16 × 10-8 F/cm2. Dependence of mobility on
temperature will give insight into the charge transport mechanism, i.e. 2D-VRH will result in ln
(μ) ∝ T-1/3 [44].
Subthreshold swing (SS) reflects the gate voltage required in order to increase drain
current by an order of magnitude in the subthreshold region. SS determines how fast a transistor
can be turned on and turned off. SS can be estimated from the subthreshold region (Von < Vg <
Vth) of transfer characteristics by using Equation 1.5,
−1

𝜕 𝑙𝑜𝑔(𝐼𝑑 )
𝑆𝑆 = (|
|
)
𝜕𝑉𝑔
𝑚𝑎𝑥

…………..……………….…. (1.5)
Ideally, SS should have value of 60 mV/dec at room temperature [47]. Any deviation in SS from
the ideal value is attributed to formation of a depletion layer due to the presence of trap states
(either as defects in channel or channel-SiO2 interface) [48,49]. Density of trap states (Ntr) can be
estimated from SS by using Equation 1.6.
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𝑘𝑇
𝑒 2 𝑁𝑡𝑟
𝑆𝑆 = ln(10)
(1 +
)
𝑒
𝐶𝑜𝑥
……………..……………….…. (1.6)
When SiO2 is used as a substrate, a typical value of Ntr is of the order of ∼ 1012 cm-2 eV-1, which
corresponds solely to the presence of an interface trap [44].
1.2.4 Optoelectronic transport phenomenon and figures of merit
If a photon with energy greater than the band gap of a semiconductor (E > Eg) gets
absorbed, it generates electron-hole (e-h) pairs. Photo-generated carriers increase charge carrier
density in the semiconductor channel (in other words it increases the conductivity of the
channel). A current generated from photo-generated carriers is called a photocurrent (Iph). This
photo carrier generation mechanism is known as photoconduction [50]. In the presence of trap
states in a semiconductor, photo-generated carriers (mostly minority carriers from electron-hole
pairs) are trapped or localized and act as local gate to modulate conductivity of a channel
[50,51]. This phenomenon is known as photogating. It should be noted that photogating is a
subset of photoconduction.
Trap states have a longer lifetime than e-h recombination time, which leads to a higher
photoconductive gain (typically > 100%). Photoconduction always results in a positive
photocurrent, however photogating could result in positive and negative photocurrent based on
the type of trapped carrier (either majority or minority). In an n-type semiconductor, where
electrons are the majority of the charge carriers, traps states closer to conduction band are filled
and traps states closer to the valence band are empty. When e-h pairs are generated by laser
illumination, holes are trapped and they become unavailable for recombination. Trapped holes
will also produce a local electric field thus shifting a fermi level closer to the conduction band.
When the photoconductor is integrated into FET configuration (phototransistor), a gate electrode
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can modulate trapping of holes [50]. Negative gate voltage will pull trapped holes into a valence
band thus making photoconduction effective. Positive gate voltage pushes holes into traps states
thus making the photogating effect dominant. Thus, the gate helps control the photocurrent
generation mechanism and makes phototransistors a promising device architect to investigate
fundamental properties.
To investigate optoelectronic properties of a phototransistor, a continuous wave laser was
used with an illumination wavelength of λ = 640 nm (E = 1.94 eV) and a spot size of ∼ 3 mm in
diameter. We kept the size of the laser spot deliberately larger compared to our device
dimensions in order to get uniform illumination of the channel as well as both contacts. Photothermal effects such as the photo-thermoelectric effect and the photo-bolometric effect, etc can
be neglected when both contacts are illuminated similarly[52]. Since device size is significantly
smaller than laser spot size, laser illumination intensity (Plaser) was scaled to an effective laser
illumination intensity (Peff) as Peff = Plaser × Adevice / Aspot, where Adevice is area of device and Aspot
is the area of laser spot.
The photocurrent follows a power law dependence with respect to the effective laser
power as Iph ∝ (Peff)γ where the value of the exponent (γ) is fractional (0 ≤ γ ≤ 1). In the case of
pure photoconduction, γ will have a value close to 1 (γ = 1), however in photogating, the
exponent becomes fractional (γ < 1) [50,51]. Photoresponsivity (or simply responsivity, R) is
defined as a ratio of photocurrent generated (Iph) to total incident intensity of photons (Peff).
External quantum efficiency (EQE) is defined as a ratio of the number of photo-generated charge
carriers to the total number of incident photons. EQE is related to responsivity as EQE = R (h ×
c) / (e × λ) = R × 1240 / λ, where h is Plank’s constant, c is speed of light, e is charge of the
electron and λ is the wavelength of illuminated light. Response time, τ90-10 (or τ10-90) is defined as
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the time required for photocurrent to drop from 90% to 10% (or rise from 10% to 90%) of its
saturated photocurrent value during the fall cycle (or rise cycle). Specific detectivity (D*) is
derived from noise equivalent power (NEP), area of the photodetector (A) and the bandwidth of
the photodetector (B) as D* = √(A B) / NEP = R × √(A B / 2 e Idark). Noise equivalent power is
defined as the input signal power that gives signal to noise ratio 1 at 1 Hz output bandwidth and
it represents minimum detectable power.
1.3 Past investigations on properties of CuIn7Se11.
A detailed investigation of electronic and optoelectronic properties of CuIn7Se11 FETs
were carried out during my master’s thesis and it has been published [53-55]. Highlights of the
work are discussed briefly.
1.3.1 Field-effect transistor (FET)

Figure 1.2: a) Transfer characteristics under dark conditions with constant Vd = 0.2 V b) Output
characteristics under different gate voltages.
Room temperature electronic transport measurements of CuIn7Se11 FET using SiO2 as a
back gate is shown Figure 1.2. Transfer characteristics (Figure 1.2a) at a constant drain voltage
of 0.2 V indicated typical n-type semiconducting behavior that could be reasoned to the In-rich
nature of a CIS system. Output characteristics (Figure 1.2b) under different gate bias conditions
(0 V ≤ Vg ≤ +30 V) indicate an almost linear behavior implying ‘ohmic-like contacts’ with
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negligible barrier effects. Performance of FET can be characterized by field-effect mobility, μFE
≈ 36.89 cm2 V-1 s-1, on/off ratio ∼ 104, and subthreshold swing, SS ≈ 2.44 V/dev [54]. FET
performance was further validated by Y-function analysis and estimated contact resistance was
negligible compared to total resistance of device. Density of trap states at CuIn7Se11 and SiO2
interface is estimated to be Ntr ≈ 3.1 × 1012 cm-2 eV-1.
1.3.2 Electric double layer (EDL) - FET

Figure 1.3: a) Transfer characteristics with dielectric gate for the forward and the reverse cycle,
inset: a schematic of FET and an optical image of device II with scale bar as 10 μm. b) Transfer
characteristics with an electric double layer gate for the forward and the reverse cycle using the
top gate, inset: chemical structure of ionic liquid (BMIM-PF6) and a schematic of the EDL-FET
with capacitances formed inside the ionic liquid. c) Transfer characteristics for forward and
reverse cycle using the ion-gel top gate, inset: a schematic of the EDL-FET and an optical image
of device II with scale bar as 10 μm. d) Transfer characteristics for the forward cycles with the
ion-gel gate under different back gate voltages, inset: schematic of the FET with a dual
(dielectric and ion-gel) gate, arrows indicate the electric field induced in the dielectric gate.
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In order to design low-power devices, electric double layer field-effect transistors (EDLFET) were investigated with an ionic liquid electrolyte as the gate terminal. The ionic liquid
electrolyte of 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6) was chosen
owing to the higher mobility of BMIM-PF6 based FETs compared to other ionic liquids. Ionic
gel polymer incorporates ionic liquid (BMIM-PF6) into a block of the polymer matrix,
polyethylene oxide (PEO), thus giving mechanical stability. Figure 1.3 shows the room
temperature electronic transport measurements of CuIn7Se11 FET using various gate terminals. In
general, the performance of FET (field-effect mobility, on/off ratio, and subthreshold swing) was
improved with ionic liquid and ionic gel polymer as a gate terminal compared to an SiO2
dielectric gate [55] and this is summarized in Table 1.1. Lower hysteresis in the transfer
characteristics with ionic liquid as a gate indicates lower charge trap states at the CuIn7Se11 and
BMIM-PF6 interface [55].
Table 1.1: Key parameters of CuIn7Se11 based EDL-FET. Here, Vd = 1 V (Device I) and Vd = 0.1
V (Device II & III), SiO2 thickness = 1000 nm, Vd – drain-source voltage, μFE – field-effect
mobility, SS – subthreshold swing.
μFE (cm2 V-1 s-1)
SS (V/dec)
on/off ratio
BG
TG
BG
TG
BG
TG
3
Device I
4.04
21.84
9.6
0.30
~10
~104
Device II
2.66
17.73
29.8
0.19
~102
~104
†
Device III
0.23
0.42
107
0.81
~100
~103
†
A device with ion-gel electrolyte using BMIM-PF6 and PEO.
Device #

1.3.3 Phototransistor
Room temperature optoelectronic transport measurements of a CuIn7Se11 phototransistor
using SiO2 as back gate are shown Figure 1.4. Horizontal and vertical shifts in transfer
characteristics (Figure 1.4a) indicate the presence of photoconduction and photogating. Figure
1.4b shows nearly pure photoconduction at a negative gate voltage (γ → 1) and photogating
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dominated photoconduction at a positive gate voltage (γ < 1), indicating gate voltage controlled
photocurrent generation mechanisms of photoconduction. This is further confirmed by timedependent photocurrent [54]. Several parameters corresponding to photodetectors such as
responsivity, R ≈ 60.6 A W-1, EQE of the order 104 %, response time, τ90-10 ∼ 8.6 μs,
characteristics response time τ3dB ≈ 2.17 μs, bandwidth, f3dB ≈ 73.4 kHz, noise equivalent power,
NEP ≈ 1.06 × 10-15 W Hz-1/2 and specific detectivity D* ≈ 3.15 × 1012 Jones were estimated [54].

Figure 1.4: a) Transfer characteristics under different laser intensities. b) The variation of power
exponent (γ) as a function of gate voltage. c) The variation of R as a function of laser intensity
and at different gate voltages. d) Photocurrent response with varying laser intensities.
The response time of the CuIn7Se11 phototransistor (τ90-10 ∼ 8.6 μs,) [54] is comparable
with the response time of SnS2 photodetector where τon/off ∼ 5 μs, [56] which is the fastest among
2D materials and several orders of magnitude faster than other 2D materials, based
photodetectors [50]. Superfast response times coupled with excellent field-effect mobility and
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responsivity implies that CuIn7Se11 could play a significant role in developing the next
generation’s devices in opto/nano-electronics. However, electron transport in these systems is
not well understood and it is crucial to understand the transport engineering properties for
industrial applications.
1.4 Scope of the dissertation
Most of the work published in electronic and optoelectronic devices are performed at
room temperature [45,50,51]. The ultimate goal of a semiconductor device is to work at or
around room temperature, however lowering temperature provides insights on various
fundamental properties of a semiconductor. In fact, historically many crucial discoveries such as
superconductivity, the Josephson effect, Bose-Einstein condensation, and quantum hall effect,
etc., were possible due to low temperature studies. A semiconductor has a typical band gap of 0.1
eV < Eg < 3 eV which corresponds to 1160 K < Eg < 35000 K in term of temperature. Clearly, at
room temperature (300 K), a semiconductor should have an infinite resistance. However, that is
not the reality as the whole semiconductor industry would not have existed (and we would not be
living in information age). Several phenomenon such as doping, defects, grain boundaries, traps,
junction, etc. enables the charge carrier inside a semiconductor channel to transport. Theoretical
models (e.g. VRH) which describe conduction have temperature as the variable. Nature
electronic states [44] and trap states [57], electron-electron and electron-phonon interactions [58]
and thermionic emission [59] can be studied to help understand various fundamental properties
of semiconductors.
Through this dissertation, I am looking to achieve the following objectives and help the
field of electronics and optoelectronic take a small step forward.
•

Exploring novel selenide-based 2D materials for FETs and phototransistors.
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•

Understanding charge carrier transports and photocurrent generation mechanisms.

•

Investigating the existence of trap states and their role in conduction and photocurrent
generation.

Understanding fundamental properties will help engineer future devices such as low power
transistors, photo switches, sensors, etc. with a huge impact on future technologies.
Chapter 2 will focus on the photo-response of ReSe2 with the key takeaway being a clear
correlation between the responsivity (R) and power exponent (γ) modulated by trap states. This
indicates an intricate connection between several fundamental processes that control the
performance of phototransistors. Chapter 3 shows layer dependent electronic and optoelectronic
transport in InSe. Interlayer resistance dominates the responsivity in thicker InSe samples and
trap states play second fiddle. In addition, band gap shifts observed in few-layer InSe samples
originated from electron-phonon interactions and lattice dilation effects (typically caused by
defects) are perhaps negligible. Chapter 4 will emphasize electronic transport with the focal point
being metal−insulator transition (MIT) in CuIn7Se11 and its origin: percolation critical (MIT) and
quantum-phase transition (MIT). Trap states play a crucial role in transport via 2D variable-range
hopping mechanisms and limiting mobility by electron-charge traps scattering. Chapter 5 shows
initial investigations on low temperature optoelectronic transport in CuIn7Se11. Trap states do not
behave as expected in the presence of temperature dependent indirect to direct transition in
CuIn7Se11 flakes. Chapter 6 will discuss the results and key future directions. Appendix A
focuses on work carried out as part of an internship and shows transport through topological
states in the absence of defects in 20 QLs Bi2Se3 grown on buffer layer of ([Bi1-xInx]2Se3) and
In2Se3.
The ultimate goal of this dissertation it to convey the message, “defects are not all bad”.
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CHAPTER 2
PHOTO-RESPONSE OF ReSe2 FET
2.1 Introduction
The inherent presence of defects in 2D/low dimensional materials and/or surface states at
the interface (typically formed between these materials and their supporting substrates) plays an
important role in determining their photoconductive properties [24,50,51,60-64]. These
defects/states result in mid band gap states which act as traps for charge carriers, thus commonly
known as trap states [51]. The optical performance of these materials can be tailored and
optimized by studying the dynamics of these trap states under illumination [51]. A large number
of recent studies demonstrate that trap dominated optical processes can lead to phototransistor
with ultrahigh responsivities and detectivities [24,31,50-52,65-68]. As a consequence of photogenerated charge carriers occupying the traps states, photoconductivity of a phototransistor is
modulated by a light-induced gate-like electric field or local gate, thus this phenomenon is
commonly known as photogating [50,51]. However, traps states are not unilaterally responsible
for photogating [51]. In the case of carbon nanotube [69] and graphene [70] FETs, it has been
demonstrated that the absorption of a photon by the underlying silicon can generate an electronhole pair in silicon. This electron/hole can separate and accumulate at the Si/SiO2 interface due
to the presence of an applied gate or inbuilt field, resulting in photovoltage. This will act as an
additional gate (or interfacial gate) and significantly enhance the gain of a photodetector.
In a phototransistor, photogating is associated with the fractional power dependence of
the photocurrent (Iph) on the illumination intensity (P), in other words, Iph ∝ Pγ with 0 < γ < 1,
where γ is the power exponent [51]. Fractional values of the power exponent (γ) coupled with the
exceptional values of the responsivities have been observed in phototransistors composed of
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selenide based 2D materials such as MoSe2 [71], WSe2 [65], InSe [72], In2Se3 [52], CuIn7Se11
[54] etc. These studies have demonstrated that the power exponent (γ) can be modulated by
varying external parameters such as back gate voltage etc. Modulation of γ by external
parameters can provide insights into trap states and their influence on the responsivities of
phototransistors.
For this study, we want to explore the effect of traps states on optoelectronic properties
by modulating back gate voltage (Vg) and temperature (T). We have used rhenium diselenide
(ReSe2) as our photoactive channel. A very strong correlation between the variation of the power
exponent (γ) and the responsivity (R) has emerged upon altering back gate voltage and/or
temperature. This strongly suggests the role of trap states in driving the photocurrent generation
mechanism from purely photoconductive to photogating and vice versa. Although this study was
performed on ReSe2, we believe that acquired reasonings can be easily extended to other 2D
material-based phototransistors.
2.2 Results and discussions
2.2.1 Device characterization
ReSe2 single crystals were synthesized and characterized by our collaborators as
discussed previously in section 1.2 and it is published elsewhere [33]. A few-layered flake of
ReSe2 was mechanically exfoliated by using scotch-tape from the bulk single crystals and it is
transferred onto Si/SiO2 wafers with SiO2 layer of 285 nm. The electrical contacts of 5 nm of
chromium and 80 nm of gold were patterned using a laser-writer and fabricated using a Lesker
PVD 250 electron beam evaporator. After contact deposition, the devices were annealed at 300
0

C for ∼ 3h in argon environment to remove residual photoresist. Atomic force microscopy

(AFM) imaging was performed to estimate the thickness of the ReSe2 flakes. For transport
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measurement, the device was transferred onto a chip holder and chip holder was then mounted
on the cold head of the cryostat. Electronic and optoelectronic transport studies were carried out
under vacuum using Keithley and LabVIEW, explained previously in section 1.2.

Figure 2.1: a) Structure of ReSe2 along the a-, b- and c-axis with 6.8 Å being the thickness of the
monolayer. b) Optical microscope image of the ReS2 device. c) Atomic force microscope (AFM)
height profile of a ReSe2 flake taken along the red line shown in (b).
ReSe2 has unique distorted 1T-phase structure (as shown in Figure 2.1a) and it enables
unique in-plane anisotropic transport for charge carriers travelling along the a and b axis. Figure
2.1b shows an optical image of the ReSe2 phototransistor devices measured. All the transport
measurements were performed using S and D contacts corresponding to source and drain
terminals, respectively. An AFM height profile is shown in Figure 2.1c, which is taken along the
red line in Figure 2.1b. The flake thickness of the device was estimated to be 7.5 nm, which
corresponds to 11 layers (with monolayer thickness of ∼ 0.7 nm [30]).
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2.2.2 Electronic transport

Figure 2.2: a) Transfer characteristics (Id vs Vg) at Vd = 0.2V, in a linear scale (red) and in a
semi-log scale (blue). Black dashed and orange lines indicate a region of the curve utilized to
calculate the field-effect mobility (μFE) and the subthreshold swing (SS) respectively. b) Output
characteristics (Id vs Vd) under different applied gate voltages (-60 V < Vg < 60 V).
Room temperature electronic transport measurements of ReSe2 FET with SiO2 as a back
gate are shown in Figure 2.2. Transfer characteristics (at constant drain voltage Vd = 0.2 V) are
shown in Figure 2.2a. The blue curve depicts the drain current (Id) - applied gate voltage Vg
curve in a semi-log scale, while the red curve represents the Id-Vg curve in a linear scale.
Transfer characteristics predominantly show n-type conduction, which indicates electrons are the
majority charge carriers in the ReSe2 channel. We also found a signature for p-type transport (for
Vg < -35 V) where holes are the majority charge carriers, which indicates ambipolar behavior in
ReSe2 [33,73]. However, contribution from holes is almost three orders of magnitude smaller
than the electrons, indicating an electron-rich ReSe2 channel. Asymmetric ambipolar behavior
was reported for a few-layered ReSe2 FET with high electron mobility compared to hole mobility
[33]. Maximum on-state current (Id,on) is found to be ≈ 7.45 × 10-6 A at Vg = 60 V. The FET
remains in the off-state for Vg < Von with the minimum off-state current (Id,off) found to be ≈ 0.19
× 10-10 A. The on/off ratio for ReSe2 FET was estimated to be ∼ 103.
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Subthreshold swing, SS, was estimated to be SS ≈ 6.1 V/dec from procedure is discussed
on section 1.2. Deviation from the ideal SS (≃ 60 mV/dec at T = 300 K) is often found in various
2D-material based FETs [41,55,74] and it can be ascribed to a depletion layer formed by trap
states [48]. The exact origin of these trap states in ReSe2 FET devices, like in other reported 2D
FETs, is unknown. However it is generally believed that trap states commonly arise due to
structural defects in a channel [75] and/or due to vacancies (missing chalcogen atoms) [75]
and/or interface between the channel materials and SiO2 (presence of dangling bonds in SiO2)
[44]. Deviation in SS can be used to estimate the density of trap states as Ntr ≈ 7.3 × 1012 cm-2
eV-1 (detailed procedure in section 1.2). For the SiO2 substrate, a typical value of Ntr is of the
order of 1012 cm-2 eV-1. The inherent presence of trap states in a semiconducting channel plays a
crucial role in device operation, as charge carriers can be trapped in these states and become
localized. Charge carriers can become free either by absorbing the energy needed to escape
(usually thermal or light) or by tunneling through the trap barrier or by hopping from one trap to
another. Field-effect mobility was estimated to be μFE ≈ 4.6 cm2 V-1 s-1 by using procedures
discussed on section 1.2. The mobility of ReSe2 FET is either comparable to or slightly lower
than the mobility of selenide-based 2D material FETs [24]. The mobility of an FET is
determined by several internal factors such as disorder potential, distribution of trap states,
barriers at metal-semiconductor junctions, etc. as well as external factors such as temperature,
electric field, etc. [76,77]. Output characteristics (Id vs Vd) measured under different applied gate
voltages (-60 V < Vg < 60 V) are shown in Figure 2.2b. The linear nature of the output
characteristics curves could be reasoned to the thermionic emission process at the ReSe2-metal
junction, resulting in ohmic-like contact.
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Figure 2.3: a) Temperature dependent (160 K ≤ T ≤ 300 K) transfer characteristics curves under
Vd = 0.2 V. b) Dependence of the field-effect mobility (μFE) as a function of the temperature. c)
A plot in ln(μFE) vs T-1/3 along with fitting of ln(μFE) ∝ T-1/3 (orange lines) indicating the
possibility of electron transport dominated by 2D-variable range hopping [44].
To the effect of trap states, transfer characteristics at Vd = 0.2 V were measured at lower
temperature (160 K ≤ T ≤ 300 K) and are shown in Figure 2.3. For the entire temperature range
shown, transfer characteristic follows predominantly n-type conduction. Drain current decreases
as temperature decreases (Figure 2.3a), which is a typical semiconductor characteristic.
Thermionic emission plays an important role in the movement of the majority of charge carriers
through the potential barrier within the semiconducting channel. When temperature decreases,
thermionic emission decreases, thus restricting the movement of the charge carriers through the
channel. Hence the conduction is expected to decrease at lower temperatures.
The variation of mobility as a function of temperature is shown in Figure 2.3b. Mobility
values decrease from 4.6 cm2 V-1 s-1 at 300 K to 0.02 cm2 V-1 s-1 at 100 K. Decrease in mobilities
can be a consequence of conduction limited by charge-impurity scattering [76,78]. Electron
mobility in transistors are affected by several mechanisms and, even in state-of-the-art
transistors, experimentally estimated mobility is significantly lower than the theoretically
predicted upper limit (phonon-limited mobility) [76]. Charge-impurity scattering is a
repercussion of either the presence of charge traps states and/or Coulomb impurities at channel24

substrate interface and/or defects in channel and/or surface optical phonons (interaction with
optical phonons in dielectric) [76]. In the presence of traps states, the conduction of electrons
occurs via hopping between traps states, as predicted by Mott [79]. Mott’s variable-range
hopping (VRH) gives a theoretical description of conduction in a strong disordered systems [79].
In the case of VRH, mobility depends on the temperature as ln μ ∝ T-1/(d+1), with d (= 2 for ReSe2
FET) being the dimensionality of the charge transport [44,74]. Figure 2.3c shows a plot of ln μFE
as a function of T-1/3 where the orange line corresponds to ln μ ∝ T-1/3, strongly indicating 2DVRH. This suggests that traps states within the channel dominated the electron transport in
ReSe2.
2.2.3 Optoelectronic transport
Optoelectronic properties of ReSe2 FETs were investigated by using a continuous wave
laser with an illumination wavelength of λ = 640 nm (E = 1.94 eV) and a spot size of ∼ 3 mm in
diameter. Larger laser spot size help reduces photo-thermal effects such as the photothermoelectric effect and photo-bolometric effect etc. as both contacts are illuminated alike [52].
Additionally, laser illumination intensity is scaled to an effective laser illumination intensity
(Peff) owing to a larger laser spot size, explained in section 1.2. Room temperature optoelectronic
transport measurements of an ReSe2 FET are shown in Figure 2.4. The transfer characteristics at
Vd = 1 V under various effective laser illumination intensities (0.2 nW < Peff < 84.1 nW) are
shown in Figure 2.4a. Firstly, the drain current (Id) increases with increasing Peff throughout the
gate voltage sweep window as evidenced by the vertical shift of the transfer characteristics
curves in Figure 2.4a. The vertical shift of the transfer characterization is attributed to electronhole pair generation by incident photons, commonly known as photoconduction or
photoconductive effect [50]. Secondly, threshold voltage shifts with increasing Peff as evidenced
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by the horizontal shift of the transfer characteristics curves. Threshold voltage shifts are a
signature of the local gate originated by the presence of trap states in the device [50,52,54]. A
shift in the threshold voltage (ΔVth = Vth,illuminated – Vth/dark) as a function of Peff is shown in the
inset of Figure 2.4a. Negative ΔVth (< 0) and positive photocurrent are an outcome of minority
charge carriers (holes for ReSe2 FET) being trapped in the trap states, resulting in photogating
dominated photoconduction [51].

Figure 2.4: a) Transfer characteristics (Id vs Vg) at Vd = 1V under laser illumination (λ = 640 nm)
with different effective laser intensities (0.2 nW < Peff < 84.1 nW). b) Photocurrent (Iph) as a
function of the effective laser intensity (Peff) under different applied gate voltages (-48 V < Vg <
60 V). Straight dashed line indicates a fitting to Iph ∝ (Peff)γ. c) Variation of the power exponent
(γ) as a function of the applied gate voltage (Vg). d) Responsivity (R) as a function of the
effective laser intensity (Peff) under different applied gate voltages (-48 V < Vg < 60 V). Dashed
line indicates fitting of either R ∝ (Peff)(γ-1) [51] or R = A1/(A2 + Peff) [80].
The photocurrent produced by local gating (photogating) can be written as Iph = gm ×
ΔVg, where the transconductance (gm) depends on the mobility of the channel and ΔVg is a local
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gate voltage. The photo generated local gating could originate from either interfacial gating or
trap-induced gating. The interfacial gating arises from photo-induced charge carriers produced in
the underlying Si and their subsequent accumulation at the SiO2/Si interface. Trap-induced
gating originates from the trapping of photo-induced minority carriers at defect/trap states within
the semiconducting channel. It should be noted that MoS2 devices did not show interfacial gate
effects and it is due to the low mobility (0.1-10 cm2 V-1 s-1) of the device, compared to that of
graphene [70]. In addition, SiO2/Si interfacial gating induces a negative photo-voltage [51]. In
photoactive materials such as MoS2 the combination of low mobility and negative photo-voltage
will lead to a negligible effect of interfacial gating on the photocurrent [51]. Few-layered ReSe2
exhibits a low mobility (8.5 cm2 V-1 s-1), compared to that of graphene [70], thus interfacial
gating should play an insignificant role in photogating. However, trap states, evident from the
SS, could be the source of photogating in ReSe2 FETs. When the channel is illuminated by light,
photogenerated holes are captured at trap states and, therefore, trapping prolongs the electronhole recombination times thus enhancing the gain.
The photocurrent (Iph = Iilluminated – Idark) was extracted at different applied gate voltages (48 V < Vg < 60 V) and is plotted as a function Peff in log-log scale in Figure 2.4b. The
photocurrent follows a power law dependence with respect to the effective laser power as Iph ∝
(Peff)γ where the value of the exponent (γ) is 0 ≤ γ ≤ 1. Power law fits are shown as dashed lines
in Figure 2.4b. Estimated values of the exponent, γ from Figure 2.4b as a function of gate
voltages are shown in Figure 2.4c. In the case of pure photoconduction, γ will have a value close
to 1 (γ = 1), however in photogating, due to other various processes such as trapping and carrier
generation / recombination, the exponent becomes fractional (γ < 1) [50,51]. For Vg = -48 V, γ ∼
0.90 which is close to 1 and may be attributed to a photoconductive effect. As gate voltages
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increase from negative to positive or when the transistor goes from off-state to on-state, γ
decreases to a value of ∼ 0.25 at Vg ≥ 0 V indicating the presence of the photogating effect. A
crossover of a photo-conducting mechanism from photoconductive to photogating as a result of
the applied gate voltage has been observed in 2D materials such as In2Se3 [52], CuIn7Se11 [54],
and recently in ReS2 [31].
Further, we extracted the photo-responsivity (commonly known as responsivity) of a
phototransistor, which is defined as the ratio of the photocurrent generated to the effective laser
illumination intensity, R = Iph / Peff. The responsivity as a function of Peff in log-log scale for
several applied gate voltages (-48 V < Vg < 60 V) is shown in Figure 2.4d. In the case of a
photoconduction dominated photocurrent where photoconductive gain is absent, responsivity
will have an upper limit given by R = (η × e × λ) / (h × c) = η × λ / 1240 where η is quantum
efficiency, e is electron charge, h is plank’s constant and c is the speed of light [51,72]. For laser
with λ = 640 nm, maximum R of 0.52 A W-1 can be achieved for η = 1 (100 % conversion). It
can be seen from Figure 2.4d that responsivity values for all Vg’s and Peff’s are greater than 0.52
A W-1, indicating gain larger than 1. Gain (G) can be estimated by G = τm / τd, where τm is the
minority carrier lifetime and τd is the carrier drift or transit time [50,51]. Trapping of minority
carriers at traps states (τm > τd) leads to a gain larger than 1. Thus, photogating (local gating from
trapped minority carriers) will result in a gain larger than 1.
As seen the responsivity decreases as the effective laser intensity is increased, follows the
relation R ∝ (Peff)(γ-1) (shown by the dashed line in Figure 2.4d) and it could be attributed to a
decrease in the average carrier lifetime of minority charge carriers [51]. As light intensity
increases, trap states gradually start filling up. At certain light intensities, all the trap states are
filled and a further increase in intensity will result in the generation of minority carriers that
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cannot be trapped. As a result of this, τm decreases thus reducing the gain and the responsivity
[51]. It should be noted that at lower laser intensities (Peff < 5 nW) and negative Vg’s (-48 V and
-36 V), responsivity remains constant due to the existence of a sufficient number of unfilled trap
states available for the minority charge carriers. In this case, responsivity follows the relation, R
= A1/(A2 + Peff) where A1 and A2 are fitting parameters [80,81]. Saturation of responsivity at
lower laser intensities has been observed in graphene/PbS QDs [81] and graphene/MoS2
phototransistors [80]. For our ReSe2 phototransistor with Vg = 12 V (where photogating is
dominant with γ ≈ 0.23), maximum responsivity of R ≈ 2618 AW-1 can be obtained at Peff = 0.2
nW. Furthermore, R ≈ 2147 AW-1 can be obtained at Peff = 0.2 nW and Vg = 0 V (γ ≈ 0.25).
When gain > 1, quantum efficiency (η) is known as the external quantum efficiency (EQE) and is
defined as EQE = R (h × c) / (e × λ) = R × 1240 / λ. We found EQE > 105 % for Peff = 0.2 nW.

Figure 2.5: Optoelectronic transport of a ReSe2 phototransistor at the lower temperature, T = 140
K. a) Transfer characteristics. b) Iph as a function of Peff. c) Variation of the γ as a function of the
Vg. d) R as a function of the Peff.
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We further studied the photo-transport properties as a function of the temperature. Figure
2.5 depicts the results of photoconductivity of our ReSe2 device at T = 140 K. The transport
characterization at this temperature such as photogating effect, crossover between
photoconductive and photogating effect (γ vs Vg), Iph ∝ (Peff)γ, R ∝ (Peff)(γ-1) etc. are similar to
those measured at room temperature (Figure 2.4). The threshold gate voltage Vth can be seen
shifting towards the positive gate voltage compared to the room temperature measurements
presented in Figure 3a. This shift could be reasoned to electrons needing higher energies to
overcome a barrier induced by either stronger trapping of electrons at localized/trap states or
reduced tunneling in the thermionic emission process [33]. One striking differences is that, at Vg
= 60 V, γ value → 0 (γ ≈ 0.05, Figure 4c), which is much lower than that at room temperature γ
≈ 0.25 (Figure 3c). This could be an indication of stronger trapping where the minority charge
carries cannot escape from the trap states due to their lower thermal energy. This also results in R
≈ 1.6 × 104 AW-1 (Figure 2.5d) and EQE > 106 %.
To further illustrate the dependence on gate voltage and temperature on γ and R, we have
plotted γ and R as a function of Vg and T in Figure 2.6. The variation of the power exponent (γ)
as a function of applied gate voltage (Vg) for different temperatures (20 K < T < 300 K) is shown
in Figure 2.6a. We found that in general, increasing the gate bias slowly drives the system from
photo conductive to photo gated at any given temperature. The photoconductive mechanism is
strongest at low gate voltages and at higher temperatures. For example, as the applied gate
voltage is increased from -48 V to 60 V, a switch from the photoconductive mechanism (γ → 1)
to the photogating mechanism (γ < 1) can be seen for all the temperatures studied (Figure 2.6a).
Furthermore, an increase in the responsivity is also observed at higher Vg’s as seen in Figure
2.6c. For the device shown, at gate voltages Vg < 18 V, lowering the temperature resulted in an
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increase in the value of the power exponent and consequently the decrease in the responsivity, as
seen in Figure 2.6b and Figure 2.6d. For gate voltages Vg > 18 V, a contrasting result can be seen
(Figure 2.6b and Figure 2.6d) as the photogating mechanism becomes stronger at lower
temperatures resulting in higher responsivities. As the temperature is further reduced,
photogating becomes slightly weaker as seen by a small increase in γ and a slight decrease in R.

Figure 2.6: a) Exponent (γ) as a function of the applied gate voltage (Vg) under different
temperatures (20 K < T < 300 K). b) Power exponent (γ) as a function of the temperature (T)
under different applied gate voltages (-48 V < Vg < 60 V). c) Responsivity (R) as a function of
applied gate voltage (Vg) under different temperatures (60 K < T < 300 K). d) Responsivity (R)
as a function of the temperature (T) under different applied gate voltages (-48 V < Vg < 60 V).
Such behavior can be explained when considering the modulation of trapping/detrapping
of minority carriers along with the movement of steady state Fermi level with varying
temperature and gate voltages [82], as shown by the schematic in Figure 2.7a. For lower gate
voltages, few minority carriers are trapped at room temperature and due to their thermal energy,
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these carriers can be easily trapped/detrapped (lower right panel of Figure 2.7a). As temperatures
decrease, the steady state Fermi level moves closer to the valence band, resulting in a smaller
number of trapped minority carriers (lower left panel of Figure 2.7a). Also, lower thermal energy
translates into slower trapping and detrapping due to carrier freeze-out. At higher gate voltages,
the steady state Fermi level moves away from the valence band causing the number of states
available for trapping/detrapping to increase, which result in a photogating dominated
photocurrent (upper right panel of Figure 2.7a). Lowering the temperature will result in carrier
freeze-out, resulting in strongly trapped charge carriers with a stronger photogating effect (upper
left panel of Figure 2.7a). As temperature is further reduced, the steady state fermi level will shift
towards the valence band thus lowering traps and slightly weaker photogating.

Figure 2.7: a) Schematic of modulation of trapping/detrapping of minority carriers and
movement of steady state Fermi level (yellow dashed line) as a function of change in
temperature and gate voltages. b) Responsivity (R) as a function of power exponent (γ) in the
temperature range (20 K < T < 300 K) and applied gate voltages (-48 V < Vg < 60 V). Dashed
line is a guide to the eye.
It has been reported that in the case of InSe [72], the power exponent (γ), responsivity (R)
and device response time (τ) follow a correlation such that τ ∝ 1/γ (inversely proportional) and τ
∝ R (linear dependence). This correlation is a consequence of photogating being the dominant
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mechanism in these phototransistors [72]. It should be noted that a competition between minority
carrier lifetime (τm) and carrier drift or transit time (τd) plays a crucial role for this correlation. As
carrier drift time depends on channel length, applied source drain voltage and mobility, τd
remains constant upon variation of Vg and T. However, minority carrier lifetime (τm) is a
function of Vg and T, as trapping and detrappping can be modulated by external factors such as
temperature and gate voltages. For τm > τd, minority carries get trapped in long-lived traps thus
resulting in a slower response time as well as providing an external photogain which translates
into higher responsivities. Also, γ < 1 is a consequence of processes such as trapping and carrier
generation / recombination. By transitive property, we can conclude that responsivity should be
inversely proportional to power exponent as R ∝ 1/γ. Figure 2.7b shows a statistical plot of
responsivity as a function of γ in the logarithmic scale for various Vg’s and T’s for different
effective intensities (0.2 nW < Peff < 84.1 nW). A clear dependency of R on γ can be seen
(denoted by a dashed line used to guide the eye), indicating an inverse proportionality between
these two parameters. It should be noted that, for lower values of R (when γ → 1) data points
deviate from the dashed line, which could be attributed to a weak photogating, as discussed for
larger values of γ [72].
2.3 Conclusion
In conclusion we have examined photoconductivity of few-layered ReSe2 FET devices as
a function of temperature. We observed high responsivity, R ∼ 15,500 A/W and EQE ∼ 3.2 ×
106 % at T=140 K. Our investigations show that there is an intricate connection between the
several fundamental processes that control the performance parameters of phototransistors. For
example, a clear correlation between the photo-responsivity, R and power exponent γ, was
observed. Broadly speaking, higher responsivities were found under conditions where the
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extracted γ values are significantly lower than unity. This correlation between R and γ was found
to be independent of either the operating temperature of the FET device or the applied gate
voltage. Here we would like to emphasize that we have observed the variation of γ with
temperature as well as gate voltage, where these parameters can modulate the trap states, but
their effect on R is manifested through γ. Since it is generally believed that fractional values of γ
(< 1) indicate a system where trap induced photogating is present, we can conclude that
photogating phenomenon is responsible for such high values of responsivities that were observed
in our devices. Although the study was specifically performed on ReSe2 FETs, but we believe
such correlation between R & γ will occur in any 2D photo FET as also evident from several
recent studies.
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CHAPTER 3
LAYER THICKNESS DEPENDENT PROPERTIES OF InSe FET
3.1 Introduction
Several group III–VI layered compounds belong to this category in which direct band gap
persists even if the material is few layers thick [24]. These classes of materials, which include
InSe, show promising electronic and optoelectronic properties [24,50]. These Se-based systems
due to their high responsivity and wide spectral response can be used for photovoltaics and
photodetector applications. InSe was reported to have a small band gap of 1.3 eV, thus having a
broadband spectral response [23,39]. Investigators have also shown broad spectral response as
well as high performance of flexible photodetectors using few layers of InSe [23,38]. These
initial investigations seem very promising and indicate the prospect of InSe to become one of the
choice materials for a wide variety of optoelectronics applications. Thus, understanding the
spectral response of these materials is important from both fundamental and technical point of
view.
In the past it has been shown that the properties of 2D layered materials based FETs are
substantially affected by layer numbers. In particular for multilayer graphene and MoS2 FETs
strong interlayer coupling as well as screening of the trap charges from the substrates have
shown to affect key electronic properties such as field-effect mobility [83,84]. Since InSe based
materials are direct band materials in few layer form, a detailed understanding of how the
electronic properties are affected with increasing layer thickness is essential. Further, it is
generally believed that thicker samples might add more functionality in certain applications, for
example absorption of appropriate electromagnetic radiation for detector based applications [52].
Thus, to harness the specific functional aspect of photodetection, a better understanding of how
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the electronic and optoelectronic properties behave with increasing number of layers is needed.
3.2 Characterization
We investigated the photocurrent spectral response of few-layered InSe flake over a wide
range of temperatures (40 K < T < 300 K). Band gap values (Eg) for InSe flake as a function of
temperature were estimated by method similar to Tauc plot. Analysis of the variation of Eg as a
function T was performed using several theoretical models such as Bose-Einstein function [85],
Double Bose-Einstein function [86] and Manoogian-Leclerc equation [87] in order to understand
the effects of electron-phonon interaction as well as lattice dilation. This analysis is discussed in
light of Debye temperature (ΘD) of InSe flakes.

Figure 3.1: a) Schematic of experimental setup that was used for measuring photocurrent
spectroscopy. b) Typical photocurrent spectroscopy data (photocurrent as a function of
wavelength).
Broadband photoelectronic conduction (PC) characterization was performed using inhouse built photocurrent spectroscopy measurement setup. Xenon lamp was used as a light
source to generate a broad spectrum of wavelengths (300 nm ≤ λ ≤ 1000 nm) and was passed
through a monochromator. These monochromatic light sources were guided on to the device
using an optical wave-guide and focused on to the device using a convex lens with a focal length
of 15 cm. Keithley 2400 series source meters controlled with in-house developed LabVIEW
module was utilized for measuring the photo response. Schematic diagram of the experimental
setup and typical data obtained is shown in Figure 3.1a and 3.1b respectively.
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3.2.1 Photocurrent spectra and band gap

Figure 3.2: a) Room temperature photocurrent spectra of InSe device. b) Band gap extraction
using extrapolation ([Iph×E]2 vs E) at 280 K.
The data obtained using photocurrent spectroscopy setup is shown in Figure 3.2a. From
Figure 3.2a, it is clear that the InSe sample shows a broadband photoconductivity with prominent
photoconductivity peaks at several wavelengths. From Figure 3.2a, it can be seen that the
photocurrent slowly increases for decreasing wavelengths close to the band gap (or E > 1.26 eV)
and shows a broad peak around 2.5 eV. Similar photocurrent peaks are reported for other
photoconductive materials in the past [88-90] and can be explained as follows: Initially, the
photocurrent increases slowly and then starts to increase sharply from ∼ 2 eV until ∼ 2.66 eV.
This could be generally attributed to increased photon absorption, which leads to an increase in
the photo-generated carriers. As the wavelength decreases further, the carriers generate increases
(at higher energies). The carriers generated at higher energies (lower wavelengths) tend to
recombine with surface states, and therefore do not contribute to the photocurrent. Hence, at
lower wavelengths photocurrent decreases sharply (as seen in Figure 3.2a for E > 2.5 eV).
In order to estimate the band gap from photocurrent spectra, a method similar to
extracting band gap from UV-Vis absorption spectroscopy was utilized. The photocurrent
generated in a semiconductor is proportional to the number of absorbed photons and the
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absorption coefficient (α) of a direct band gap semiconductor is proportional to the square root of
the difference of the photon energy (Eph) and the band gap energy, (Eg), or in other words α ∼
(Eph − Eg)0.5. Therefore, it can be assumed that (Iph) ∼ (Eph − Eg)0.5 as well and one can generate a
plot similar to Tauc plot for extracting the band gap values [91]. In the past, several investigators
have utilized the aforementioned technique and used photocurrent spectroscopy for extraction
and estimation of band gap [38,92-94]. For this purpose, the quantity [Iph × E]2 as a function of E
was plotted as shown in Figure 3.2b. Estimation of the band gap from this plot was performed by
extrapolating the straight-line portion of the data to x-axis intercept. The room temperature band
gap value for the measured sample was found to be ∼ 1.254 eV. The band gap value extracted
here is similar to the values obtained for multi-layered InSe flakes from experimental
investigations employing a variety of techniques [23,37,39,95-97].
3.2.2 Temperature dependence of band gap

Figure 3.3: Temperature dependence of the band gap energy of the InSe, fitted to a) BoseEinstein function (blue), b) Double Bose-Einstein function (green) and c) Manoogian-Leclerc
equation (red).
Temperature (T) dependence of Eg derived from photocurrent spectroscopy of InSe is
presented in Figure 3.3. The information pertaining to the variation of Eg in semiconductors as a
function of temperature is of significance since such information can be analyzed in order to
have fundamental insights about core materials property. Generally, the variation of Eg as a
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function of temperature is caused due to the combination of electron-phonon interaction and/or
lattice dilation. In the past, several semi-empirical equations [85-87,98] are developed in order to
fit the experimental data obtained. One of the most popular approaches is to fit the experimental
data with Varshani’s equation [98]. However, it has been argued that in some cases where lattice
dilation effects could be significant, a good fit to the experimental data using the Varshni
equation was not achievable [87]. Several other equations, for example Bose-Einstein (BE)
function [85], Double Bose-Einstein (DBE) function [86] and Manoogian-Leclerc (ML) equation
[87], are also used widely to fit the variation of Eg as a function of temperature. Below, each of
these equations is described briefly and the results obtained by fitting them to the data are
discussed in detail.
Bose-Einstein function [85] takes into consideration the interaction between electron and
phonon and can be represented as shown in Equation 3.1.

𝐸𝑔 (𝑇) = 𝐸𝑔 (0) −

2𝑎𝐵
𝛩
𝑒𝑥𝑝 ( 𝑇𝐸 ) − 1
……………..………….…. (3.1)

In this equation, Eg(0) is a band gap at absolute zero (0 K), aB is a measure of strength of the
electron-phonon interaction coupling within the crystal and ΘE is the Einstein characteristic
temperature. ΘE is defined as the average temperature of the phonons which are interacting with
the electrons. It is deduced that Debye phonon spectrum with the Debye temperature ΘD is
equivalent to an Einstein oscillator with a temperature ΘE, with ΘD = 4/3 × ΘE [85]. From fitting
of Equation 3.1 in Figure 3.3a, a value of ΘD is extracted to be 782.2 K. This value of ΘD is
significantly higher than theoretical value of ΘD = 190 K [99] as well as experimentally
determined maximum possible ΘD of 275 ±15 K for layered InSe [100]. One reason for such
discrepancy could arise from the fact that Bose-Einstein function uses only one Einstein
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oscillator.
In the presence of one Einstein oscillator, band gap energy will either monotonically
increase or saturate at constant value as temperature T→0 [86]. Here we observed a decreasing
trend in the band gap values at lower temperatures (T ≤ 100 K). This behavior could be
elucidated by considering a contribution from low energy (secondary) phonon with opposite
weight, leading to decrease in band gap energy as T → 0 [86]. Such contributions can be
incorporated by using Double Bose-Einstein function [86] of the form shown in
Equation 3.2 was used for fitting,

𝐸𝑔 (𝑇) = 𝐸𝑔 (0) −

2𝑎𝐵1
2𝑎𝐵2
+
𝛩
𝛩
𝑒𝑥𝑝 ( 𝐸1 ) − 1 𝑒𝑥𝑝 ( 𝐸2 ) − 1
𝑇
𝑇
…………….…. (3.2)

where Eg(0), aB1, aB2,ΘE1 and ΘE2 have same meaning as previously described. The second
Einstein oscillator (third term in Equation 3.2) carries an opposite weight to that of the first
oscillator. From fitting of Equation 3.2 in Figure 3.3b, a value of ΘD is extracted to be 261.3 K,
which is much closer to experimentally determined maximum possible Debye temperature of
275 ±15 K for layered InSe [100]. The frequencies of the two Bose-Einstein oscillators
correspond to optical and acoustic phonons [86].
Past investigations have also shown that consideration of lattice dilation effects is crucial
in order to explain the temperature variation of band gaps in a variety of semiconductors [87]. In
order to determine if there is any lattice dilation effect along with electron-phonon interactions
that might influence the variation of Eg with temperature in sample, fitting the data to
Manoogian-Leclerc equation, which incorporates the lattice dilation effect term, was also
considered. Equation 3.3 shows the form of Manoogian-Leclerc equation [87].

𝐸𝑔 (𝑇) = 𝐸𝑔 (0) − 𝑈𝑇 𝑠 − 𝑉𝛩𝐸 coth
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𝛩𝐸
−1
2𝑇
…………….…. (3.3)

In Equation 3.3, Eg(0) is a band gap at absolute zero (0 K) and U, V, and s are temperatureindependent constants. Second and third terms on right-hand side of equation correspond to
lattice dilation term and electron-phonon interactions respectively. From fitting of Equation 3.3
in Figure 3.3c, a value of ΘD is extracted to be 403.5 K. This value of ΘD is substantially higher
than experimental values of ΘD previously reported for layered InSe [100].
Observing the ΘD values obtained specifically from all the fits and comparing it to typical
values of ΘD reported for layered InSe [100], we believe that Double Bose-Einstein function is
the closest model that can explain the band gap shift as a function of temperature observed in the
sample. Various parameters obtained from all the fits are summarized in Table 3.1. From the
information presented in Table 3.1, it is to be noted that although the estimated values of Eg(0)
for all the models used to fit the experimental data yielded reasonably consistent value of Eg(0) ∼
1.27 eV, this was not the case for values obtained for ΘD. One reason for this could be that
Debye temperature (ΘD) for a material is often dependent on multiple factors involving the
thermodynamic and mechanical properties of material [101] and hence it becomes extremely
difficult to have an accurate and consistent estimation of this value.
Table 3.1: Values of parameters obtained by fitting of the experimental band gap energy data.
Here Eg(0) is band gap at 0 K, ΘE is Einstein Temperature and ΘD is Debye temperature. In case
of double Bose-Einstein function, 1 and 2 correspond to Einstein oscillators associated with
electron interacting with primary and secondary phonons respectively.

Bose-Einstein

Eg(0)
(eV)
1.276 ± 0.002

Double Bose-Einstein

1.274 ± 0.038

Manoogian-Leclerc

1.272 ± 0.029

Fitting
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ΘE
(K)
588.1
1
196.5
2
180.4
303.4

ΘD
(K)
782.2
1
261.3
2
239.9
403.5

3.3 Results and discussions
We investigated several InSe FET devices with channel thickness varying between 20 nm
– 100 nm were tested at room temperature. For electronic properties, seven devices with
thickness 20 nm, 34 nm, 40 nm, 62 nm, 75 nm, 80 nm and 100 nm were studied. For
optoelectronic properties, five devices with thickness 20 nm, 34 nm, 75 nm, 80 nm and 100 nm
were studied. Figures of merits were extracted from procedure discussed on section 1.2.
3.3.1 Influence of channel thickness on electronic properties

Figure 3.4: a) Variation of field-effect mobility (μFE) with InSe channel thickness. b) Variation of
conductivity (σ) with ΔVG for different channel thickness InSe devices, solid line represents
power fit. c) Circuit diagram of resistances in a typical 2D layered material FET.
The field-effect mobility (µFE) decreased with increasing channel thickness as shown in
Figure 3.4a. Such decrease in the values of field-effect mobility for thicker channels was
reported earlier for MoS2 FETs [83] and it suggests the presence of strong interlayer coupling
and screening between individual layers and the substrate. In order to check the intensity of
charge impurity screening with increasing channel thickness in InSe devices, we analyzed the
dependence of σ as a function of ΔVG. Scattering from unscreened charged impurities in the 2D
materials typically gives rise to a quadratic dependence, σ ∼ (ΔVG)2 whereas for screened
charges this dependence is linear, σ ∼ ΔVG [44]. We analyzed our data in order to examine the
dependencies σ on ΔVG. and it is shown in Figure 3.4b. Our analysis indicates that for thinner
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channels, t ∼ 20 nm σ ∼ (ΔVG)1.5 whereas for device with thicker channel, t ∼ 80 nm σ ∼
(ΔVG)1.1. From this analysis, we can conclude that stronger screening occurs in thicker channels
and charges are partially screened in thinner channels.
In the light of these observations, one would expect that the disorder coming from
unscreened charge impurities and the density of localized states associated with it should result
in lower mobility in thinner samples, previously shown for MoS2 FETs [83]. However, it is
demonstrated that interlayer coupling results in interlayer resistance thus lowering mobility with
increasing thickness [84]. A delicate balance between screening of charges and inter-layer
coupling will determine the ideal thickness of the layered materials for their optimal electrical
performance [84]. In our samples, we observed partial screened in thinner channels and
monotonic decrease in mobility as thickness increases. Thus, we can conclude that interlayer
coupling will play crucial role for few-layered InSe.
3.3.2 Layer thickness dependent optoelectronic properties

Figure 3.5: a) Variation of power exponent (γ) with thickness (t), dotted line is guide to an eye.
b) Variation of normalized responsivity (R/VDS) with thickness (t), dotted line is guide to an eye.
c) Dependence of R×L2/VDS as a function of field-effect mobility (μFE). Dotted purple line
correspond to μFE ∝ R×L2/VDS.
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Thickness dependent optoelectronic studies are particularly important as absorption of
light could vary in thicker samples [21]. Therefore, to investigate the thickness dependent optical
properties of InSe photo-FETs, a systematic analysis as well as a correlation of a variety of core
intrinsic properties and performance parameters of devices with varying channel thickness was
performed. Our main findings are summarized in Figure 3.5. Variation of power exponent (γ) on
thickness is shown in Figure 3.5a. These values of γ were extracted from measurements
performed without any back-gate voltage. We found that for all the devices measured, γ < 1. This
indicates that photogating could be the dominant photocurrent generation mechanism under the
aforementioned measurement conditions [51]. To have a better comparison of responsivity
among the devices tested, we have normalized the responsivity (R) with applied drain-source
bias (VDS). Normalized responsivity (R/VDS) decreased with increasing thickness, as shown in
Figure 3.5b. It has been shown previously that R and γ are inversely related [72]. A lower γ
could correspond to stronger photogating with higher responsivity. Here we expected that R/VDS
should increase or remain constant with increasing thickness. However, we observed that
normalized responsivity decreased as thickness in increases, similar to decrease in mobility with
increasing thickness (Figure 3.4a). Thus, particularly when the mobility of the channel changes,
photogating has a lesser (or secondary) effect. To assert this statement, we plotted R×L2/VDS as a
function of field-effect mobility (µFE), shown in Figure 3.5c.
Relation between R and µFE can be empirically derived under certain conditions. Internal
gain (Gint) can be determined by Gint = ηsep×τlifetime/τtransit, where ηsep is separation efficiency,
τlifetime is the lifetime of minority charge traps (trapping/detrapping), and τtransit is the transit time
of majority charge carriers [102]. Transit time depends on the mobility (µFE), length of channel
(L) and applied electric field (VDS/L) as τtransit = L2/(VDS×µFE) [102]. Thus, the internal gain
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depends on mobility as Gint = µFE×VDS×ηsep×τlifetime/L2. For lower illumination intensities, the
external quantum efficiency (EQE) approaches internal gain (Gint) [103]. Thus, at lower effective
powers, internal gain can also be determined by Gint = R×h×c/(e×λ) where h is Planck’s constant,
c is the speed of light, e is the charge of an electron, and λ is the wavelength of illumination
light. Assuming ηsep (∼ 1) and τlifetime as constants, we can determine the relation between fieldeffect mobility (µFE) and responsivity (R) as µFE ∝ R×L2/VDS (denoted by the purple dotted line
Figure 4(e)). Here, we would like to point out that τlifetime could vary as thickness varies.
However, if we assume τlifetime ∝ 1/γ (as shown previously in InSe by Zhao et. al. [72]), variation
in τlifetime would be minimal, as γ is similar for devices measured. The τlifetime measured for one of
our devices (D75nm) is ∼ 20 µs [42].
3.4 Conclusion
In summary, broadband photoconductive behavior was observed in 34-nm-thick flakes of
layered InSe. The variation of band gap as a function of temperature was investigated by
performing photocurrent spectroscopy measurements. The data obtained was used to estimate
Debye temperature (ΘD) values of InSe using established theoretical models. The ΘD of ∼ 260 K
obtained using Double Bose-Einstein equation is similar to the values obtained for this quantity
for layered InSe. This strongly suggests that Double Bose-Einstein equation is perhaps the best
model for explaining the variation of band gap of thin InSe flakes. This would mean (a) that band
gap shifts observed in few-layer InSe samples presented here depend on electron-phonon
interactions, which includes low energy secondary phonon, and (b) lattice dilation effects are
perhaps negligible in samples studied.
We can conclude that interlayer coupling will play crucial role for few-layered InSe. Our
findings suggest that although the phenomenon of photogating was present in all the InSe
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devices studied, other key intrinsic device properties such as field-effect mobility will play a
stronger role in obtaining and/or tuning the photo responsive behavior of a particular material.
While our conclusions are primarily drawn from experiments performed on InSe based devices,
we believe that such structure-property correlations also exist in other 2D Van der Waals solids.
Most importantly, the variation of the band gap of InSe with temperature presented here is
extremely valuable for strengthening the fundamental understanding needed for developing a
variety of technological applications using optically active 2D materials.
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CHAPTER 4
EVIDENCE OF METAL−INSULATOR TRANSITION IN CuIn7Se11 FET
4.1 Introduction
The existence of metal-insulator transition (MIT) in the 2D electron system in the
absence of a magnetic field (B = 0) [104-106] in recent years has challenged several wellestablished theories and has opened up several questions in order to understand the fundamental
origins of such behavior [107-109]. Two theories have emerged explaining the origin of MIT:
quantum phase transition and classical percolation transition. The quantum phase transition
occurs at T = 0 K, between the metallic and the insulating ground states [108]. Qualitatively at T
= 0 K, conductivity σ ≠ 0 for metal and σ = 0 for insulator and transition between the two states
is controlled by external parameter such as carrier density, pressure, or magnetic field. However
recently, MIT driven by quantum fluctuations has been claimed at higher temperatures as well
[110-112]. On the other hand, in percolation driven MIT, disorder and screening in 2D system
plays an important role [113-116]. Disorder in these systems can arise due to various reasons, for
example charge impurities in bulk semiconductors as well as at semiconductor-substrate
interfaces and screening modified effective disorder. At low charge carrier density (n), screening
becomes weaker and a highly inhomogeneous electronic potential landscape forms within the 2D
system. This potential inhomogeneity or disorder (often visualized as potential hills and valleys)
where electrons are repelled by potential hills and they are accumulated in potential valleys, can
rise to insulating patches for electrons (insulator) in the system. On the other hand, at sufficiently
higher charge carrier density, electrons can substantially screen the potential fluctuations,
providing conducting paths for electrons (metal). An effective metal to insulator transition takes
place as charge carrier density is modulated, and where the system is in the metallic (insulating)
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states for n > (<) nC where nC is the critical percolation threshold [113].
With the availability of atomically thin, few layer van der Waals crystals, which provide
the perfect realization of two-dimensional electron systems (2DES), investigations related to a
large variety of fundamentals as well as applied nature using these materials gained a massive
momentum [24,26,117-119]. For example; the isolation of single layer of MoS2 and its
functionality as an active channel component in field-effect transistors [15], as well as
photodetectors [120], triggered a massive search for other similar materials with properties and
functionalities that will be key to several future applications [45,50,77,121]. Thus, over a short
period of time, various new classes of 2D materials e.g. transition metal dichalcogenides
(TMDs), group III-VI layered materials, MXenes etc. have emerged as potential future
candidates for post-silicon electronics [17]. The search for MIT in these systems has taken
prominence in recent years as well. Indeed, studies on binary 2D layered materials such as MoS2,
MoSe2, ReS2 etc. have indicated the possibility of MIT in these systems and it appears that
alteration of external control parameters, for example charge carrier density, can give rise to such
phenomenon in them [59,78,111,115,122,123]. Even though binary 2D layered systems have
shown great potential, investigations to further improve the electronic and optoelectronic
performance of these systems by either incorporating or alloying these binary systems with
suitable dopant [124-126] or constructing van der Waals heterostructures [26,127,128] has gotten
considerable attention. Multi-elemental compounds bring an extra degree of freedom via
stoichiometric variations and varying elemental composition could play important role in
determining physical properties [27,129]. For example, our own investigations suggest that
incorporating copper in indium selenide (InSe) in order to get layered ternary systems of copper
indium selenide (CuIn7Se11) and using them as active component for photo-detection can
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substantially improve the photodetector’s figures of merit (for example, response time) [54].
Despite the fact that CIS based systems show excellent electronic [54,55] and optoelectronic
[43,54] properties, electron transport in these systems are not well understood. In order to further
engineer their properties for various device applications it is crucial to understand the nature of
electron transport in these materials. In this letter, we present a detailed investigation of
electronic properties of few layered CuIn7Se11 FET devices fabricated on a SiO2/Si substrate. Our
measurements on temperature (280 K > T > 20 K) and gate dependence of conductivity in these
devices show that the conductivity in these materials can be tuned from metallic to insulating
depending on the gate bias. On the insulating side, the temperature dependence of conductivity
follows Mott’s two-dimensional variable range hopping (2D-VRH) behavior. The 2D-VRH
behavior was also apparent from the temperature dependence of field effect mobility (μFE) at low
temperatures (T < 200 K), where μFE ∼ T0.34. Analysis of the conductivity data following the
principles of percolation theory of transition where σ(n) = (n - nc)δ, where δ(T) is the critical
percolation exponent, was performed for two devices. The obtained values of δ(T) ∼ 1.57 ± 0.27
for device I and 1.02 ± 0.35 for device II. These values are close to 1.33, the theoretically
predicted values of δ(T) for classical percolation driven MIT in 2D electronic system [113,130].
Our findings strongly suggested that the MIT observed in CuIn7Se11 in our system is a
percolation driven transition caused due to the modulation of unscreened charge impurity
scattering/charge density inhomogeneity controlled by the electrostatic doping via the gate oxide.
4.2 Results and discussion
4.2.1 Device characterization
For detailed synthesis and characterization of CuIn7Se11, please refer to section 1.2.A
few-layered CuIn7Se11 device was fabricated by scotch tape -assisted mechanical exfoliation and
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thermal metal evaporation, explained previously in section 1.2. Figure 4.1a shows an optical
image of the device measured with a length 10 µm and width 17.5 µm. The thickness of the
device was measured using an atomic force microscope (AFM) and AFM scan of small region
(white square from Figure 4.1a) is shown in Figure 4.1b. AFM height profile was taken along
white line from Figure 4.1b is shown in Figure 4.1c. The height of a flake was estimated to be 96
nm, which correspond to ∼ 60 layers of CuIn7Se11, assuming monolayer thickness of 1.6 nm.

Figure 4.1: a) Optical image of as fabricated device with Cr/Au contact pads. b) AFM image
taken at the white square from (a). c) The height profile taken alone the white line from (b)
indicating 60 layers.
4.2.2 Electronic transport
Electronic transport was measured using cryostat (SHI Cryogenics Group, RDK-101D)
explained previously in section 1.2. Electronic transport measurement using SiO2 as the back
gate at room temperature is shown in Figure 4.2. Transfer characteristics, which indicates the
dependence of a source-drain current (Id) on an applied gate voltage (Vg) under constant sourcedrain voltage (Vd), is shown Figure 4.2a. Red marker indicates graph in a linear scale whereas
blue marker indicates graph in semi-log scale. Source-drain current increases by almost 4 orders
of magnitude (∼ 10-6 A) in positive gate voltage region (on-state condition), indicating n-type
semiconducting behavior in CuIn7Se11 channel with electron as the majority of carriers and a
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hole as minority carriers. Electron-rich (n-type) nature was reasoned to In-rich nature of the CIS
system [40]. The channel remained in the off-state condition with off-state source-drain current
of ∼ 10-10 A. On-off ratio was found to be ∼104 which lies in an ideal on-off ratio for FETs [45].
Threshold voltage (Vth) of ∼ 8 V can be estimated from the linear portion (black dotted line in
Figure 4.2a) of transfer characteristics.

Figure 4.2: a) Transfer characteristics (Id vs Vg) at Vd = 0.2 V, shown in linear scale (red) and
semi-log scale (blue). Black dashed and yellow lines indicate a region of the curve utilized to
calculate the field-effect mobility (μFE) and the subthreshold swing (SS) respectively. b) Output
characteristics (Id vs Vd) under different applied gate voltages (0 V ≤ Vg ≤ 30 V).
Subthreshold swing, SS, was estimated to be SS ∼ 2.4 V/dec from the procedure
discussed on section 1.2. Deviation from the ideal SS of 60 mV/dec [47] can ascribed to the
trapping of charge carriers of mid-gap states (commonly known as trap states or localized states)
originating from defects present in channel and/or channel-SiO2 interfaces [48,49]. Density of
localized trap states was estimated to be Ntr ∼ 3 × 1012 cm-2 eV-1 (detailed procedure in section
1.2). Field-effect mobility, μFE, was estimated to be ∼ 25.9 cm2 V-1 s-1 by using procedure
discussed on section 1.2. It is either comparable or higher than the mobilities found in other Sebased 2D material FETs.
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Figure 4.3: a) Transfer characteristics (Id vs Vg) under constant Vd = 0.2 V for temperatures
ranging from T = 280 K to T = 20 K. Inset - Id vs. Vg in semi-logarithmic scale. (b) Plot of fieldeffect mobility μFE as a function of Temperature. Orange dashed line indicates charge impurity
scattering at low T with ln μFE ∝ T0.34 and red dashed line indicates optical phonon scattering at
high T with μFE ∝ T-2.9. c) Linear conductivity, σ = (Id/Vd) × (l/w) in units of (e2/h) as a function
of T for several gate voltages ranging from Vg = 0 V to Vg = 30 V.
Electronic transport at low temperatures (20 K < T < 280 K) are shown in Figure 4.3.
Transfer characteristics, for entire range of temperature studied, is shown in Figure 4.3a and it
indicates typical n-type semiconducting behavior in CuIn7Se11 channel. For temperatures in the
range of 280 K > T > 200 K, a crossover between transfer curves was observed, which indicates
gate induced transition between metallic and insulating behavior. To illustrate it further, twoprobe conductivity (σ) for various gate voltages is plotted as function of temperature in Figure
4.3b. Conductivity was estimated from drain current as σ = (Id/Vd)×(L/W). For applied gate
voltage Vg > 5 V, a maximum conductivity is achieved at temperature (known as characteristics
temperature, TM). As applied gate voltage increases from 5 V to 30 V, characteristics
temperature decreases. For T < TM, conductivity deceases as temperature decreases which is a
typical characteristics of semiconductor transport. For T > TM, conductivity increases as
temperature decreases which is a typical characteristic of metallic transport. Thus, we anticipated
metal−insulator transition (MIT) in our devices and we analyzed our data in light of 2D variable52

range hopping (VRH), percolation critical MIT and quantum phase MIT in the following section.
Field-effect mobility, μFE, as a function of temperature is shown in Figure 4.3c. As
temperature decreases, mobility initially increases from μFE ∼ 25.9 cm2 V-1 s-1 at 280 K till it
reaches highest value of μFE ∼ 59 cm2 V-1 s-1 at 200 K and then decreases as temperature is
further lowered, reaching μFE ∼ 32.5 cm2 V-1 s-1 at 20 K. In general, the electron mobility of a
transistor channel depends on several scattering mechanisms [78]. Theoretically, the upper limit
on electron mobility is determined by intrinsic electron-phonons scattering, often known as
phonon-limited mobility. However even in state-of-the-art devices, experimentally observed
mobility values are predominately limited by several external factors and these values are much
lower than theoretically predicated phonon-limited values. Among several external factors
responsible for charge carrier scattering, major factors are charge traps, Coulomb impurities at
semiconductor-dielectric interface, defects and surface optical phonons (scattering through
interaction with optical phonon in dielectric substrate) [78]. In past, various techniques have
been incorporated to restrict effect of electron scattering by external factors [77]. At higher
temperatures, optical phonons are more populated thus electron mobility is primarily determined
by electron-phonon scattering. For T > 200 K, field-effect mobility increases as temperature
decreases which a typical signature of phonon-limited mobility. We found that mobility scales as
μFE ∝ T-2.9. In layered structures, exponent (-2.9) correspond to electron scattering due to
homopolar and/or polar optical phonon modes [131]. At lower temperatures, intrinsic phononlimited mobility will be determined by scattering with low frequency, long wavelength acoustic
phonons and acoustic-phonon limited mobility scales as μFE ∝ T-1 [78]. For our CuIn7Se11 FET,
we found that mobility decreases as temperature decreases (< 200 K) and it scales as μFE ∝ T0.34.
In presence variable-range hopping mechanism, decreases in mobility at low temperatures might
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be caused either by i) low charge carrier density at lower temperatures and/or ii) presence of
localized states in band gap [78]. Presence of Schottky barrier will also result in decrease in
mobility at low temperatures [132], however here effect of Schottky barrier can be neglected as
Schottky barrier height is estimated to be ΦSB ∼ 25 meV.
Schottky barrier was estimated by considering thermionic process which follows 2D
Richardson equation [59,133] (Equation 4.1),
𝐼𝑑 = 𝐴 𝐴∗ 𝑇 3/2 𝑒𝑥𝑝 −

𝑒
𝑘𝐵 𝑇

Φ𝐵 −

𝑉𝑑
𝑛

…………..……………….…. (4.1)
Where, A is the contact area, A* is the Richardson constant, e is electron charge and n is the
ideality factor. Ideality factor for our CuIn7Se11 FET was estimated to be n ∼ 8.6 by using
Cheung’s function [134,135] (Equation 4.2),
𝜕𝑉𝑑
𝑘𝐵 𝑇
=𝑛
+ 𝐼𝑑 𝑅𝑠
𝜕ln(𝐼𝑑 )
𝑒
…………..……………….…. (4.2)
Where Rs is series resistance.

Figure 4.4: a) Plot of IdT-1.5 in logarithmic scale as a function of 1/kBT for various applied gate
voltages ranging from 0 V to 30 V. b) Apparent barrier height (ΦB) as function of applied gate
voltage (Vg).
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Figure 4.4a shows a plot of IdT-1.5 in logarithmic scale as a function of 1/kBT for various
applied gate voltages ranging from 0 V to 30 V. Apparent barrier height (ΦB) was extracted from
slope of linear fits of Figure 4.4a and it is shown in Figure 4.4b as function of applied gate
voltage (Vg). Flat band voltage was estimated to be VFB ∼ 10 V (denoted by orange line in
Figure 4.4b) which correspond to Schottky barrier height to be ΦSB ∼ 25 meV. Value of ΦSB
obtained for our device is smaller than ΦSB of FETs based on 2D materials [83]. This might due
to the fact that work function of chromium (WCr = 4.5 eV) is close to Fermi energy level of
CuIn7Se11. Lower value of Schottky barrier height implies that charge transport in our CuIn7Se11
FETs is primarily governed by localized states and contact plays minimum role.
4.2.3 2D Variable-Range Hopping
In disordered system such as insulator, electron are trapped in localized states and
conduction occurs via hopping between these localized states. Mott introduced a model [136]
which describes conduction in strongly disordered system with localized/trap states, known as
‘Mott’s variable-range hopping’ or simply ‘variable-range hopping (VRH)’. According to VRH,
conductivity or conductance (σ) as a function of temperature (T) can be expressed by following
Equation 4.3,
𝜎 = 𝜎0 (𝑇) 𝑒 −(

𝑇0⁄ 𝛾
𝑇) ……………..……………….….

(4.3)

Where, T0 is a hopping parameter associated with characteristic temperature and γ = 1/(1+d) with
d being dimensionality of the system. For example, in case of 3D channel, d = 3 and γ = 1/4 and
so on. For 2D materials, it is expected that VRH conduction will follow 2D-VRH, with γ = 1/3.
Also, σ0(T) = A×Tm, where A is constant, and m is empirical constant with its value lies between
-1 and -0.8 [44].
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Figure 4.5: a) Plot of σT0.8 in log scale as a function of T-1/3 for several Vg with solid lines as
linear fit to data indicating 2D VRH. b) Plot of hopping parameter T0 and (red) and localization
length ξ (blue) as a function of Vg.
Figure 4.5a shows plot of scaled conductivity (σT0.8), in logarithmic scale, as a function
of T-1/3 for various applied gate voltages (0 V to 30 V). Linear dependence of σT0.8 (in
logarithmic scale) on T-1/3 over a range of temperatures 50 K < T < 200 K suggests that electron
conduction in our CuIn7Se11 device occurs via 2D-VRH, as governed by Equation 4.3. Recently,
2D-VRH have been observed in various FETs based on 2D materials [44,132,137,138]. 2D-VRH
will also result in dependence of mobility on temperature as ln μ ∝ T-1/3 [44]. For our CuIn7Se11
device, we found that ln μFE ∝ T1/3, as shown in Figure 4.3b (by orange markers) and it further
supports our assertion of VRH as primary conduction mechanism.
To understanding nature of localized/trap states, we plotted hopping parameter (T0) as a
function of applied gate voltage (Vg) is shown in Figure 4.5b, in red markers. Observed
magnitude of T0 (∼106) at Vg = 0 V indeed correspond to charge trap induced disorder [44]. As
applied gate voltage increases, hopping parameter decreases which indicates longer localization
length due to more efficient screening of the background potential fluctuations. Similar behavior
was observed in MoS2 based FETs where trap states were predominately originated at channelsubstrate interface and gives rise to disordered potential throughout channel [44,132]. As applied
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gate voltage increased, carrier concentration increases which result in i) screening of charge trap
induced potential thus reducing role of hopping and ii) presence of electron in extended (nonlocalized) states. Localization length (ξ) can be estimated from hopping parameter (T0) by using
Equation 4.4 [54],
𝜉2 =

13.8
(𝑘𝐵 × 𝑇0 × 𝑁𝑡𝑟 )
…………..……………….…. (4.4)

Where, kB is the Boltzmann constant and Ntr ∼ 1 × 1013 (details in supplemental material). At Vg
= 0 V, when screening effect is minimum, localization length was estimated to be ξ ∼ 1 nm.
Typically, localization length lies in range of several nanometers [44,139-142]. As gate voltage
is increased to 30 V, localization length was increased to ξ ∼ 42.7 nm. For insulating phase of
CuIn7Se11 (Vg = 0 V) electron are present in localized states which results in smaller localization
length (ξ ∼ 1 nm), whereas for metallic phase (Vg = 30 V) electrons are considerably extended
with localization length (ξ ∼ 42.7 nm).
4.2.4 Percolation Critical Metal−Insulator Transition
Previously it has been shown that various 2D materials undergo a metal-insulator
transition as a consequence of electrostatic doping [59,78,111,115,122,123]. In presence of
localized states, strength of coulomb interaction is characterized by Wigner-Seitz radius (rs)
[111], defined as ratio of potential (coulomb, EC) and kinetic (Fermi, EF) energy [122], by
Equation 4.5
𝑟𝑠 =

𝐸𝑐
𝑛𝑣
𝑛𝑣 𝑚∗ 𝑒 2
= ∗
=
𝐸𝐹 𝑎𝐵 √𝜋 𝑛2𝐷 4𝜋𝜀ħ2 √𝜋 𝑛2𝐷
……………..……………….…. (4.5)

where, nv correspond to number of valleys, aB* = (4πεħ2)/(m*e2) is effective Bohr radius, m* is
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effective mass, ε is dielectric constant of material, e is electron charge, ħ is reduced Planck
constant and n2D is either density of 2D electron gas or charge carrier density in 2D channel.
Previously, it has been shown both theoretically [143,144] and experimentally [104-106,115]
that, in presence of strong interaction i.e. rs >> 1 and weak disorder, a 2D system can cross from
insulating to metallic regime as charge carrier density (n2D) is increased above critical density
(nc). For monolayer MoS2 (m* = 0.45m0 and ε = 7.3ε0), rs was estimated to be ∼ 4.2 at critical
density of nc ∼ 1 × 1013 cm-2, where metal-insulator transition is claimed to occur in presence of
high-κ dielectric (HfO2) [122]. To our knowledge, effective mass and dielectric constant for
CuIn7Se11 has yet to be reported. However, if we assume them to be similar as that of CuInSe2
(m* = 0.09m0 [145] and ε = 15.8ε0 [146]), rs > 1 can be satisfied at lower critical density, nc ∼
1012. Critical density for CuIn7Se11 is almost an order of magnitude less than that of MoS2, thus
indicating a possibility of metal-insulator transition in presence of conventional SiO2 gate.

Figure 4.6: Conductivity (σ) as a function of charge carrier density (n2D) for device I at T = a)
280 K, b) 200 K, c) 140 K, d) 100 K, e) 60 K and f) 20 K. Green curve represents Boltzmann
theory fit of form 𝜎(𝑛) ∝ 𝑛𝛼 and red curve represents percolation critical behavior of form
𝜎(𝑛) = 𝐴(𝑛 − 𝑛𝐶 )𝛿 .
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Percolation based MIT was shown previously in GaAs/AlGaAs (2D electron system)
[113] and GaAs/AlGaAs (2D hole system) [114] where conductivity (σ) follows power law
behavior w.r.t charge carrier density (n2D) and it was analyzed in the context of screening and
percolation transition. Recently percolation induced MIT was seen in monolayer and multilayer
MoS2 [115]. Here, MIT in CuIn7Se11 FET were analyzed in light of percolation driven MIT.
Measured conductivity (σ) as a function of charge carrier density (n2D) for various temperatures
are shown in Figure 4.6. Charge carrier density (n2D) was estimated by using parallel plate
capacitor model, n2D = Cox ΔVg/e, where Cox is oxide capacitance, ΔVg = Vg – Von and e is
charge of electron [122]. At higher densities (n2D > 1012 cm-2), the conductivity depends on
charge carrier density as 𝜎(𝑛) ∝ 𝑛𝛼 , denoted by green line fitting in Figure 4.6. In our case, as
shown in Figure 4.7c, α ∼ 2 for range of temperatures studied (280 K > T > 20 K), which
indicates bare Coulomb impurity scattering throughout [44]. The high density behavior is
consistent with Boltzmann theory with assumption that conductivity is limited by charge
impurity scattering [113].

Figure 4.7: a) Critical percolation exponent δ, b) critical density nC and c) conductivity exponent
α extracted from fitting shown in Figure 4.6.
Conductivity in percolation driven MIT will obey percolation critical behavior, as shown
in Equation 4.6,
𝜎(𝑛) = 𝐴(𝑛 − 𝑛𝐶 )𝛿 ……………..……………….…. (4.6)
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Where, nC is percolation critical (sometimes known as threshold) density and δ is critical
percolation exponent. For n < nC, electron are accumulated in potential valleys by forming
charge puddles. These charge puddles leads to discontinuities in the conducting paths for
electron, driving the system to behave as an insulator. For 2D systems, δ = 1.33 [113,130]. Our
measured conductivity shown in Figure 4.6 was fitted according to Equation 4.6. The red lines in
Figure 4.6 are the fitted curves. At T = 280 K, fitted curves shows δ ≈ 1.51 and nC ≈ 2.1 ×
1011 cm-1. Both, percolation critical behavior and Boltzmann fit was performed for all the
conductivities measured for range of temperatures studied. Some of these curves are shown
in Figure 4.6. We found excellent agreement between experimental data and theoretical model,
in general, however, slight deviation from the ideal theoretical model, particularly at carrier
densities lower than nC was observed. Such deviations could be attributed to quantum tunneling
and enhanced hopping conductivity at finite temperatures [115].
Critical percolation exponent δ, critical density nC and conductivity exponent α as a
function of temperature are shown in Figure 4.7. We found that δ has values ∼ 1.57 ± 0.27
within the measured temperature range, which is consistent with δ = (1.4, 1.7) found in other 2D
systems [113-115]. We also found nC ∼ (2.66 ± 1.37) × 1011 cm-1 within the measured
temperature range. Percolation critical behavior and Boltzmann fit were also performed on
another device (device II) and it follows similar conclusion. In case of device II, α ∼ 1.6 at
temperatures close to 300 K, which indicates partial screening of the Coulomb impurities [44]
and as temperature decreases, α steadily increases reaching α ∼ 2 at temperatures T < 100 K
which indicates bare Coulomb impurity scattering [44]. For device II at 300 K, δ ∼ 1.29 and nC
∼ 1.7 × 1012 cm-1.

60

4.2.5 Quantum Phase Metal−Insulator Transition
In scaling theory for MIT, conductivity plays a role similar to an order parameter and
temperature dependence of conductivity can we written as Equation 4.7 [107,110],
𝜎(𝛿𝑛, 𝑇)
𝑇
𝑇
=𝐹
= exp [
𝜎𝑐 (𝑇)
𝑇(𝛿𝑛)
𝑇(𝛿𝑛)

−1⁄
𝜈𝑧

]

……………..……………….…. (4.7)
where, σC(T) ∝ Tx is conductivity at critical density nC displaying power law dependence on T,
δn = | n – nC | / nC is a dimensionless distance from transition, T0(δn) = δnνz is crossover
temperature, ν is the correlation length exponent, z is the dynamical exponent. Also, at T = 0,
scaling theory predict that σ0(δn) = δnμ with μ = xνz as critical conductivity exponent.
Furthermore, exponents νz should be identical for both metallic and insulating side of the
transition.

Figure 4.8: a) Linear conductivity (σ) in units of (e2/h) as a function of temperature (T) for
several charge carrier densities (n2D) ranging. b) Normalized conductivity σ(n2D, T)/σC(T) as
function of T. Here σC is the conductivity at critical density nC ∼ 1.46 × 1012 cm-2, determined in
Figure 4.9a. c) The scaling plot of normalized conductivity as a function of T/T0(δn), yielding in
metallic and insulating branches.
In order to experimentally demonstrate quantum critical scaling around MIT, we
followed the steps suggested in previous reports [107,109]. A plot of as acquired σ(n2D, T) vs. T
for several n2D is shown in Figure 4.8a. Critical density is identified for which σ(n2D, T) vs. T
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curve which displays neither a clear insulating nor metallic behavior at high temperatures. In
other words, curve that looks like straight line when data is plotted in log-log scale. For data
shown in Figure 4.8a, we identified nC ∼ 1.44 × 1012 cm-2 and corresponding σC(T) is denoted by
yellow marker and black dash line. In case of MIT at T = 0 K, σ(n2D) will have finite value for
n2D > nC (metallic) and it will vanish for n2D < nC (insulating). σT→0(n2D) is determined by
extrapolating σ(n2D, T) to T = 0 K and it is shown in Figure 4.9a. Extrapolated σT→0(n2D) goes to
→ 0 at nC ∼ 1.46 ×1012 cm-2, which in agreement with nC determined empirically. Plot of σC(T)
vs. T in log-log scale is shown in Figure 4.9b and power exponent, x ∼ 2.28 ± 0.14, is estimated
from slope of linear fit (red).

Figure 4.9: a) Extrapolated zero temperature conductivity, σT→0(n2D) as a function of n2D. Red
line guides the eye which indicates nC ∼ 1.46 ×1012 cm-2 where σT→0(n2D) goes to → 0. b) Plot of
σC(T) as a function of T where red line is σC(T) ∝ Tx with x ≈ 2:28. c) Plot of T0 as a function of
δn with exponents νz ≈ 0:83 (metallic) and νz ≈ 0:90 (insulating). d) Plot of σT→0 as a function of
δn where red line is σ0(δn) = δnμ with μ ≈ 1:84.
Having determined critical density, σ(n2D, T)/σC(T) is plotted as function of T as shown
in Figure 4.8b. The crossover temperature T0(δn) is determined for each charge densities such
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that all the curves in σ(n2D, T)/σC(T) vs. T/T0(δn) plot collapses on two branches, i.e. metallic
and insulating, as shown in Figure 4.8c. It is to be noted that this procedure does not assume any
particular form of T0(δn). Next, T0(δn) is plotted as a function of δn in log-log scale for metallic
(green) and insulating (orange) side, as shown in Figure 4.9c. From slope of fitting curve (line),
exponents νz = 0.83 ± 0.01 (metallic) and νz = 0.90 ± 0:03 (insulating) were determined.
Comparable values for exponent at metallic and insulating side indicates that our scaling analysis
works. Conductivity exponent of μ = 1.84 ± 0.04 can be determined by slope of fitting curve
(red) of σT→0(n2D) vs. δn graph, as shown in Figure 4.9c. It is in remarkable agreement with μ =
xνz = 1.89 ± 0.14 obtained from multiplication of other critical exponents, thus providing a
consistency for our scaling analysis. As T/T0 decreases, metallic branch deviates from the
quantum-critical behavior σ(n2D, T)/σC(T) = exp[(T/T0)-1/ νz] (as shown in Figure 4.10a) to Fermiliquid behavior σ(n2D, T)/σC(T) = (T/T0)-2 (as shown in Figure 4.10b). (T/T0)* in Figure 4.10a
and 3.9b indicates characteristic value of T/T0 which separates low temperature Fermi-liquid
behavior from quantum critical behavior.

Figure 4.10: a) Metallic branch of scaling plot with dotted line indicating Fermi-liquid behavior
at low temperatures. b) Metallic branch of scaling plot with dotted line indicating quantumcritical behavior at high temperatures.
In similar way, we performed scaling analysis [σ(n2D, T)] on another device (device II)
with nC ∼ 2.75 ×1012 cm-2 and resulted in x ∼ 2.09 ± 0.10, νz = 0.87 ± 0.02 (metallic), νz = 0.90
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± 0.05 (insulating) and μ =1.83 ± 0.11 as critical exponents. We found that critical exponents of
both devices (Table 4.1) are similar. In order to identify the role of Coulomb interaction we
performed similar measurement and analysis on a third device with (device III) with gate oxide
(SiO2) thickness of 1000 nm. As seen in Table 4.1, Coulomb interaction does not seem to play a
major role in our case. Such behavior of weak dependence on the value of the critical exponents
due to the variation of gate thickness was also seen previously in high disorder Si MOSFETs
[147]. Critical exponents has been previously reported [108,147] for 2D electron system in Si
MOSFETs with low disorder (μ ≈ 1-1.5, νz ≈ 1), high disorder (μ ≈ 3, νz ≈ 2) and special [local
magnetic moments] disorder (μ ≈ 3, νz ≈ 1.3). By comparing these exponents with table I, we
can conclude that 2D MIT in CuIn7Se11 might belongs to universality class of low disorder. One
should note that critical exponents obtained here should be taken with cautions, as scaling
analysis is notoriously difficult to investigate. For example, determination of nC by different
method (hall effect vs capacitor model) results in different set of critical exponent for similar
ReS2 devices [111].
Table 4.1: List of critical exponents determined from scaling analysis of three different
CuIn7Se11 devices. Here, SiO2 thickness = 300 nm (Device I & II) and = 1000 nm (Device III),
μFE – field-effect mobility. Temperature range where scaling is observed are 60K ≤ T ≤ 280K
(Device I), 30K ≤ T ≤ 300K (Device II) and 120K ≤ T ≤ 280K (Device III).
Device #
Device I
Device II
Device III

μFE
(cm V-1 s-1)
25.9
36.9
8.4
2

νz
(metallic)
0.83 ± 0.01
0.87 ± 0.02
0.70 ± 0.01

x
2.28 ± 0.14
2.09 ± 0.10
2.58 ± 0.10

νz
(insulating)
0.90 ± 0.03
0.90 ± 0.05
0.70 ± 0.01

μ
1.84 ± 0.04
1.83 ± 0.11
1.74 ± 0.08

4.3 Conclusions
Even though MIT has been observed in various 2D materials recently, underlying origin
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or mechanism for such behavior is still not clearly understood [111,112,115,116]. For example,
scaling behavior of conductivity has been used to demonstrate quantum phase MIT in
ReS2 [111] on the other hand percolation driven MIT has been observed recently in 1LMoS2 [116]. In this article [116], authors have demonstrated that percolation transition could
exhibit temperature-scaling behavior similar to that of quantum phase MIT (see supplementary
information of ref. [116]), however presence of such a temperature scaling alone does not
guarantee quantum phase MIT [116]. The key reason being the presence of other important
parameters such as presence of weak localization and/or heating effect and/or trap effects and/or
indeterminate critical density etc. as suggested by the authors of ref [116]. Even though, current
theories explaining origins of quantum phase MIT and percolation driven MIT are completely
independent and self-contained, it could be possible that they could be connected at some
fundamental level that is not known to us. Remember, light has wave-particle duality and it was
believed to be either wave or particle at some point of time.
In conclusion, we have shown detailed low temperature characterization of few-layered
CuIn7Se11 field-effect transistor. Electronic transport behavior of CuIn7Se11 FETs shows
percolation driven metal-insulator transition, 2D variable-range hopping mechanism, mobility
limited by electron-phonon scattering (high temperatures) and electron scattering by charge traps
(low temperatures). Furthermore for CuIn7Se11, MIT can be controlled by convention SiO2
dielectric instead of high-κ dielectric and complex device architectures as seen in other 2D
systems [122]. These findings, particularly electrostatic doping induced MIT, suggest that 2D
layers of CuIn7Se11 are strong candidates for engineering phase change based memory devices.
Controlled and tunable electronics in atomically thin 2D materials can lead to several potential
applications ranging from optoelectronics to superconductivity.
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CHAPTER 5
INITIAL INVESTIGATIONS ON LOW TEMPERATURE OPTOELECTRONIC
TRANSPORT IN CuIn7Se11 FET
5.1 Introduction
As seen previously, the lowering temperature will modulate the trap states and
photogating (in case of ReSe2 FET, chapter 2). The CuIn7Se11 phototransistor using SiO2 as a
back gate indicate the presence of photoconduction and photogating [54]. The relatively high
responsivity (R ≈ 60.6 A W-1 with EQE of the order 104 %) of CuIn7Se11 phototransistors is
associated with photogating. Due to the trapping/detrapping process in photogating, response
times are expected to be slower. However, the CuIn7Se11 phototransistor showed faster response
time, τ90-10 ∼ 8.6 μs. It should also be noted that CuIn7Se11 FETs shows evidence of percolation
critical metal–insulator transition. We believe that MIT may contribute to faster a response time
and high responsivity. To investigate photoresponse in presence of MIT, we want to explore low
temperature optoelectronic transport in CuIn7Se11 FET. In this chapter, I will talk about our
initial investigations and show preliminary data. This is an ongoing investigation.
Optical spectroscopies such as photoluminescence, fluorescence etc. are one of the most
powerful tools to study defects in semiconductors. Photoluminescence (PL) spectroscopy is the
study of the emission of photons (electromagnetic waves) from matter after the absorption of a
higher energy photon. Typically, an incident photon (with E > Eg) is absorbed an electron from
the valence band is excited to the conduction band. The excited electron will lose energy as
either thermal relaxation, emitting another photon, or both. Typically, the electron relaxes to the
edge of the conduction band before emitting photon. Thus, a typical spectra PL peak can be
observed near the band gap of materials.
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5.2 Results and discussions
5.2.1 Photoluminescence spectra

Figure 5.1: a) Optical image of CuIn7Se11 flake. b) Photoluminescence (PL) mapping at room
temperature. c) PL spectra at different temperatures (10 K ≤ T ≤ 280 K). d) Deconvoluted PL
peat at 10 K. e) Variation of deconvoluted peak intensities as a function of temperature.
PL spectra of a CuIn7Se11 flake with laser excitation of 647 nm is shown in Figure 5.1.
The optical image of the flake is shown in Figure 5.1a and PL peak mapping at room temperature
is shown in Figure 5.1b. The edges of the CuIn7Se11 flake shows higher PL emission. Higher PL
emission from edge region and at grain boundary (GBs) has been previously reported in MoS2
flakes, which is reasoned to defects at edge and GBs [148,149]. An unusually high PL intensity
spot in the middle of the flake (as seen in Figure 5.1b) could be due to long-term laser irradiation
(laser spot is roughly around same location, as seen in Figure 5.1a). It has been shown previously
in the MoS2 flakes that long-term laser irradiation oxidizes/damages the flake and could induce
defects [148]. As a result of creating defects, new sub-band gap peaks are generated along with
increases in PL intensity [150].
Temperature dependent PL spectra are shown in Figure 5.1c. Overall intensity of PL
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spectra is decreasing as temperature is increased due to either thermal quenching (as seen in
CuInSe2 [151]) or transition from direct to indirect band gap (as seen in InSe [39]). Slow
decrease peak intensities due to thermal quenching A and B free excitons (associated with
valence sub-bands) can be seen in CuInSe2 [151]. We observed a peak between 1.1-1.2 eV,
which is closer to the experimentally estimated band gap of few-layered CuIn7Se11 [43]. Thus,
we believe there is a band realignment as the temperature is decreased and a transition from
indirect band gap to direct band gap. To investigate this, we deconvoluted PL spectra using mix
of Gaussian & Lorentzian function and the deconvoluted spectra at 10 K can be seen in Figure
5.1d. The observed peak at 10 K is composed of two deconvoluted peaks. At temperatures < 100
K, the intensity of peak 2 remained almost constant whereas the intensity of peak 1 increased 10fold, as seen in Figure 5.1e. Peak 1 could have emerged from the direct band gap edge.
5.2.2 Low temperature photo-response

Figure 5.2: a) Variation of photocurrent (Iph) as a function of temperature (T) for various laser
illumination intensities (0.06 μW < Peff < 1.95 μW). b) Variation of responsivity (R) as a
function of temperature (T). c) Variation of power exponent (γ) as a function of temperature (T).
The flake shown in Figure 5.1a was used to fabricate a device using a procedure
described in section 1.2. Photocurrent measurements of this device at various laser illumination
intensity (0.06 μW < Peff < 1.95 μW) can be seen in Figure 5.2. The photocurrent increased as
temperature is decreased (as seen in Figure 5.2a). This could be due to indirect-direct transition
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in the CuIn7Se11 flake at lower temperatures, as seen from PL spectra. Responsivity as a function
of temperature is shown in Figure 5.2b. We also saw a slight decrease in the power exponent
with γ decreasing from 0.41 at 280 K to 0.34 at 20 K. This slight decrease in γ could also result
in increasing photocurrent, as seen in Figure 5.2c. A power exponent represents the extent of
trapping in a semiconductor, aka photogating [51]. Also, metal–insulator transition is expected in
CuIn7Se11 at low temperatures [74]. All three reasons could result in increasing photocurrent at
low temperatures.

Figure 5.3: a) Responsivity (R) at Peff ≈ 0.15 μW as a function of the temperature (T) under
different applied gate voltages (-60 V < Vg < 60 V). b) Power exponent (γ) as a function of the
temperature (T) under different applied gate voltages (-60 V < Vg < 60 V). c) & d) Power
exponent (γ) as a function of the applied gate voltage (Vg) under different temperatures (20 K <
T < 300 K) for c) device I and d) device II.
Unfortunately, we could not do FET measurements on this device as the SiO2 back gate
was broken and leaking current. Gate terminal is important to modulate the trap states in the
channel for photogating as well as moderate percolation for MIT. Thus, the photo-response of
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another CuIn7Se11 device in FET configuration was investigated and it is shown in Figure 5.3.
Responsivity at Peff ≈ 0.15 μW for -60 V ≤ Vg ≤ 60 V is shown in Figure 5.3a. For Vg = -60 V,
responsivity shows ~ 3 orders of magnitude increase for T < 150 K. This overlaps with increases
in PL as seen in Figure 5.1c. Also, the variation of exponent (γ) is shown in Figure 5.3b.
Behavior of R and γ in CuIn7Se11 are drastically different than the variation of R and γ in ReSe2
(shown in Figure 2.6, section 2.2). In case of ReSe2, traps are solely responsible through
photogating. In the case of CuIn7Se11, photogating is still the primary photocurrent generation
mechanism as seen by variation of γ with Vg at room temperature (Figure 1.4) as well as lower
temperatures (Figure 5.3c). However, the transition from an indirect to a direct band could
dominate the photocurrent and responsivity as the presence of a direct band gap makes photon
adsorption more efficient. We should note here that values of γ in Figure 5.3b and Figure 5.3c
are skewed (i.e. γ > 1). Values of γ are determined by experimentally fitting Iph ∝ (Peff)γ where at
least 4-5 different Peff are used. For this device (due to experimental limitation), we have used
only two Peff’s. Thus, linear fitting of Iph ∝ Peff in log-log scale will give higher values of γ.
Exponent for another device (device II) is shown in Figure 5.3d and it shows similar behavior. It
can be seen that, γ varies from 0.57 at Vg = -60 V to 0.22 at Vg = 60 V at T = 280 K. This
variation is due to changes in the photocurrent generation mechanism from photoconduction (at
Vg = -60 V) to photogating (at Vg = 60 V), governed by modulation of trap states. However, γ
remains constant at ~ 0.4 for T = 20 K, which could imply the freezing of traps at lower
temperatures. Fractional value of γ could mean that traps are still active however, they cannot be
modulated by application of gate voltage. Constant γ at 20 K in CuIn7Se11 is in contrast to
variation of γ at 20 K in ReSe2 (Figure 2.6) and further investigation is needed.
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5.3 Conclusion
In conclusion, low temperature PL and optoelectronic of few-layered CuIn7Se11 are
studied. PL peak observed around band gap shows transition from indirect to direct band gap as
temperature is decreased. A constant value of γ at T = 20 K could imply freezing of traps,
however these traps are still active as seen by a fractional value of γ. Preliminary results suggest
transition of band gap and metal–insulator transition (MIT) in CuIn7Se11 could be responsible for
freezing active trap states. A further investigation is needed.
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CHAPTER 6
CONCLUSION AND FUTURE OUTLOOK
Let’s start with question, ‘are defects good, bad or neither?’ The answer is: all of the
above. As seen throughout out this dissertation, defects are useful (needed) in some applications,
they don’t participate in cases, their influence is diminished in the presence of other dominated
effects and sometimes they act as a destructive entity. In this chapter, I will look at the entire
dissertation in terms of trap states and their role in emergence or disappearance of certain
properties.
Chapter 2 gave enough evidence that traps are mandatory for photogating. The origin of
photogating lies in the fact that a local gate exists. Typically, in a semiconductor, traps associated
with majority carriers are filled and traps associated minority carriers are empty before
illumination of photons. When the photon is absorbed, an electron-hole pair is generated and
minority carrier density increases. Some of these minority carriers are now available for
trapping. Trapped minority carriers induce a local electrical field similar to local gate. Trapping
of minority carriers results in longer lifetime for majority carriers, thus culminating in higher in
gain. ReSe2 FET have shown external quantum efficiency up to ~ 106 %, which is only possible
with multiple internal gain mechanisms. A clear correlation between R and γ further confirms the
relation between trapping and gain. This relation exists irrespective of applied gate voltage and
temperatures, implying only trap states play a role in deciding high gain and high responsivity.
Without trapping, a maximum quantum efficient of 100 % is expected in an ideal case.
Photogating is essential for high performance photodetector. Thus, trap states are good for
photogating.
The presence of defects results in additional scattering centers and they limit mobility of
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charge carriers. When the thickness of 2D materials increases, defects originated from channelsubstrate interface are screened, effectively reducing interface trap states and increasing
mobility. However, interlayer resistance dominates in thicker sample and the overall mobility is
reduced instead. It is expected that thicker samples will aid in photoconduction by effectively
increasing photon absorption. We observed that responsivity of thicker sample is reduced. As
seen in chapter 3, even though photogating remains constant (similar γ), responsivity depends
predominately on mobility. One should note that the conclusions for chapter 2 are still valid as
we only modulated trap states (same thickness) and responsivity depending on photogating. In
devices where thickness is varied, responsivity depends on mobility and mobility depends on
interlayer resistance. Thus, interlayer resistance will dominate the responsivity and trap states
will play second fiddle. Chapter 3 also shows temperature driven band gap shifts in few-layer
InSe samples. After fitting band gap values with various models, it is concluded that band gap
depends on electron-phonon interactions, which includes low energy secondary phonon, and
lattice dilation effects are perhaps negligible. Typically, lattice dilation effects are caused by the
presence of defects. Here we can conclude that trap states do not participate in temperature
driven band gap shift.
Chapter 4 showed that traps can generate exotic properties such as metal–insulator
transition (MIT). The presence of defects or disorder results in inhomogeneous electrostatic
potential topography (often visualized as potential hills and valleys) within the semiconductor
channel. At low charge carrier densities, the inhomogeneous nature of potential results in an
accumulation of charge carriers (mostly electrons) in low potentials regions (aka valleys). This
accumulation results in insulating puddles and behaves like an insulator. When charge carrier
concentration is increased (by applying a gate voltage), they screen inhomogeneous potentials
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(valleys and hills) resulting in conductive path for electrons. In this configuration, charge carriers
encounter minimal resistance and behaves like a metal. Thus, modulation of charge carrier
concentration will result in an effective percolation driven metal–insulator transition. Charge
carrier density separating the metallic and insulating phase is known as critical charge carrier
density (nC). In theory, percolation driven MIT should be observed in all materials but that is not
the reality. For MIT to occur, a critical threshold of defects needs to be present, which will kill
conductive path for charge carriers at low charge carrier concentrations, and overcome/screen
potential barriers at higher charge carrier concentrations. Typically, in 2D systems, critical
charge carrier densities are higher and either high-κ dielectric or complex device architectures
are required to achieve those critical charge carrier densities. Low effective mass and high
dielectric of copper indium selenide systems will reduce the critical charge carrier density
required for percolation-driven MIT. That is a reason we observed a MIT in CuIn7Se11 in the
presence of conventional SiO2 dielectric gates. In any case, defects are essential for
inhomogeneous potential and trap states are good for percolation-driven MIT.
Chapter 5 gave an evidence of indirect to direct transition in CuIn7Se11 flakes at low
temperatures. Intensity of PL peak (observed around band gap) was increased as temperature is
lowered. Interestingly, trap states could not be modulated at T = 20 K (constant value of γ)
however they are still active as evident from the fractional value of γ. For low gate voltages and
low temperatures, trap states are expected to be frozen with γ expected to be ~ 1 resulting in low
responsivity. However contrasting outcomes were observed. We believe that transition to direct
band gap and/or and metal–insulator transition (MIT) could be responsible for frozen but active
trap states. A clear understanding of band structure and its movement with temperature is needed
to understand, and this could be good starting point for future direction. However, it is clear that
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trap states do not behave as expected in presence of additional effects.
Briefly, appendix A shows a transport through topological surface states in 20 QLs
Bi2Se3 grown on BL. Low charge carrier density is desired in topological insulators in order for
transport through topological surface state to dominate. Defects will introduce additional free
charge carriers. It should be noted that defects could arise from bulk impurities or channelsubstrate interfaces. To reduce charge carries from bulk impurities defects, a compensation
dopant can be introduced. Here we saw that 10%-In-doped-Bi2Se3 grown on sapphire exhibited
higher Hall mobility and lower charge carrier density as compared to Bi2Se3 grown on sapphire.
Additionally, defects from channel-substrate interface can be reduced introducing a buffer layer
with similar crystal structures. We used (Bi0.5In0.5)2Se3/In2Se3 as our buffer layer (BL). Charge
carrier density was reduced by an order of magnitude, however mobility remained constant for
Bi2Se3 grown on BL. Further, signature of weak anti-localization and transport through
topological surface states was also evident. It should be noted that charge carrier density was
significantly lower in Bi2Se3 grown on BL instead of 10%-In-doped-Bi2Se3 grown on sapphire
when compared to Bi2Se3 grown on sapphire. Thus, defects from channel-substrate interface
have predominant effects as compared to bulk impurity effects. Traps state are bad for
topological surface states.
Overall, trap states could plays crucial role in photogating and percolation-driven MIT.
Trap states do not affect temperature dependent band gap shift. The influence of trap states is
minimal in the presence of dominant interlayer coupling. Trap states have an adverse effect in
topological surface states.
Importantly, defects are not all bad!
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APPENDIX A
TOPOLOGICAL SURFACE STATES IN MBE-GROWN Bi2Se3
In order to strengthen my dissertation, I received an opportunity to work at Material
Research Institute (MRI) – Penn State University through 2-Dimensional Crystal Consortium
Resident Scholar Visitor Program (2DCC RSVP). 2DCC RSVP allows students and researcher
across US to submit proposal to use their facilities. They selected couple of proposal every year
based on proposal’s merits as well as its alignment with the infrastructure, expertise and
scientific goals of the 2DCC. Currently at SIU, we have state-of-the-art facilities to measure
electronic and optoelectronic properties of FET based devices which includes VersaLab
(Quantum Design, 1300-001), cryostat with an optical window (SHI Cryogenics Group, RDK101D) along with several conventional instruments such as Keithley 2400-series source meters
and Coherent Inc. CUBE laser etc. However, SIU lack the state-of-the-art instruments to
synthesis the material from atom such as molecular beam epitaxy (MBE). MBE is a versatile
method where one can grow high quality single crystalline thin films as well as layer-by-layer
hetero-structures in controlled method. Presence of Cu in InSe matrix plays an important role for
distinct and enhanced properties of CuIn7Se11. In this work, my focus was to incorporate
Bismuth (Bi) in matrix of Indium Selenide (In2Se3) and study their electronic properties. During
training period, I came across fascinating topological properties of Bi2Se3. Thus, my focus
shifted towards In-doped Bi2Se3 and exploring transport through its topological states.
A.1 Introduction
Unique optical, electrical and magnetic properties of topological insulators (TIs) have
fascinated both fundamental and applied physics world [152,153]. Bismuth selenide (Bi2Se3) is
one of the widely studied topological insulators [121]. TIs exhibits massless Dirac-like properties
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and topological surface states (TSS), which could have fascinating applications in spintronic and
quantum computing [154-156]. However, accessing these TSS in TIs is difficult, as it requires
ultrahigh-quality thin film samples. Defects in bulk as well as interface introduce involuntary
additional charge carriers in thin films and electron transport take place in bulk instead of TSS
[157-161]. Techniques used to control charge carriers includes compensation doping by Tin
[162] or Indium [163] or Lead [164] or Calcium [165] in Bi2Se3 or growing Bi2Se3 on bismuth
indium selenide ([Bi1-xInx]2Se3) buffer layer [166,167].
Hall measurement techniques are widely used to determine accurately the carrier density,
electrical conductivity and mobility in semiconductor materials [168]. Underlying principle of
Hall effect is Lorentz force (combination of electric force and the magnetic force). When
electron is travelling along the direction of electric field (𝐸⃗ ) and direction to perpendicular to
⃗ ), it experience two forces, ⃗⃗⃗⃗⃗⃗⃗
⃗ where e is charge of
magnetic field (𝐵
𝐹𝑒𝑙𝑒 = 𝑒 𝐸⃗ and ⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐹𝑚𝑎𝑔 = 𝑒 𝑣 × 𝐵
electron and 𝑣 is velocity of electron. Electric force acts in same direction as field and direction
of magnetic force can be determined by using the right hand rule convention. Assuming direction
of velocity and electric field as x-axis and direction of magnetic field as z-axis, magnetic force
will act along y-axis. In presence of Lorentz force, electron drifts away from current direction
and accumulated on side surface of the sample, resulting in Hall voltage (VH). Sheet charge
carrier density (nS) can be determined by nS = (I × B) / (e × |VH|), where I is current. Sign of hall
voltage will determine majority charge carrier: -ve for electron (n-type) and +ve for hole (ptype). Hall mobility (μHall) can be determined by μHall = |VH| / (RS × I × B) = 1 / (e × nS × RS),
where RS is sheet resistance.
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A.2 Molecular beam epitaxy (MBE) growth
Bi2Se3 and its heterostructure were grown using MBE technique on single crystal
sapphire substrates (Al2O3, Cryscore). To insure minimal interface defects, substrates were
cleaned rigorously. First, substrates were immersed in ultra-sonication bath of acetone, isopropyl
alcohol, and deionized water to remove any residues particles. Substrates were then heated in
furnace at 1150 °C for 8 hours. Substrates were dipped in hot bath (140 °C) of nano-strip acid for
40 min followed by thorough rinsing in deionized water. Substrates were subjected to outgassing
procedure at 120 °C and ultra-high vacuum for 30 min in MBE’s load lock. Substrates were
transferred to the main chamber of MBE (model R450 MBE growth reactor, DCA Instruments)
which is maintained at base pressure of ∼ 3 × 10-10 Torr.

Figure A.1: a) Schematic of the layer-by-layer growth of Bi2Se3 on buffer layer (BL). b) RHEED
images taken along the [1100] direction observed after growth of the top most layer. c) out-ofplane XRD 2Θ-ω scans obtained ex-situ (star: Al2O3 000 6 reflection, gray triangles: Bi2Se3 000
12 / 000 15 / 000 18 reflections, pink triangles: In2Se3 000 12 / 000 15 / 000 18 reflections). d)
Hall mobility (μHall) and e) sheet charge carrier density (ne) of (Bi1-xInx)2Se3 thin films as a
function of In content (x).
For elemental precursors of Bismuth (Bi), Indium (In) and Selenium (Se), thermal
evaporation from Knudsen effusion cells was used with typical operating temperatures of 535
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°C, 870 °C and 140 °C, respectively. Fluxes of precursor were calibrated before each growth by
using a quartz crystal microbalance (QCM). Calibration tooling factors were determined by
measuring the physical film thicknesses. Se flux (≈ 1.3 × 1014 cm-2s-1) was maintained at atleast
order of magnitude higher compared to Bi and In flux (≈ 1 × 1013 cm-2s-1) in order to reduced
possibility of Se deficiency in Bi2Se3 and In2Se3 thin films. For growth of (Bi1-xInx)2Se3 thin
films, ratio Bi and In flux were adjusted accordingly. 7 different samples of (Bi1-xInx)2Se3 thin
films [thickness of 30 QLs (Quintuple-Layers)] with varying In content [x (%) = 0, 10, 20, 40,
50, 75, 100] were synthesized. 20 QLs of Bi2Se3 was also grown on buffer layer (BL) consist of
(Bi0.7In0.3)2Se3 and In2Se3 in order to get high quality film, as shown in schematic in Figure A.1a.
In-situ characterization was performed using spectroscopic ellipsometry (M-2000 in-situ
ellipsometer model X-210, J. A. Woollam) and reflection high-energy electron diffraction.
RHEED images taken along the [1100] direction after the growth of the 20 QLs Bi2Se3 on BL is
shown in Figure A.1b. High intensity streaks observed in RHEED implies high quality of the
Bi2Se3 thin films with smooth surface. X-ray diffraction (Panalytical X’Pert3 4-circle
diffractometer equipped with a PIXcel 3D detector) was used to determine the physical film
thicknesses and structural evaluation. XRD of the 20 QLs Bi2Se3 on BL is shown in Figure A.1c.
Peak with shoulder features were observed for 12th, 15th, and 18th order of (0001)-oriented
diffraction. Bi2Se3-related diffraction peak is dominate peak (grey triangles) with In2Se3-related
diffraction peaks as shoulder peak (pink triangles).
A.3 Hall measurement and topological surface states
For transport measurements, as grown films were scratched into Hall bar geometry
(effective area ~ 1 mm × 0.5 mm) using computer-controlled probe station. Hall bars were
contacted using In spheres to get an electric ohmic contact. Hall effect measurements were
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carried out using a Physical Property Measurement System (PPMS Quantum Design) with
applied current of 1 μA. Obtained data was symmetrized in order to remove any effect due to
uneven scratching. All 7 samples of (Bi1-xInx)2Se3 showed negative hall voltage, indicating ntype semiconductor. Sheet charge carrier density (ne) and Hall mobility (μHall) were determined
by equations described from section 4.4.1. μHall and ne as a function of In content (x) is shown in
Figure A.1d and A.1e, respectively. Both μHall and ne are expected to decrease as % of In
increased in (Bi1-xInx)2Se3. In in Bi2Se3 will act as compensation dopant and it will reduce
number of free charge carriers. However there incorporation in lattices will increase charge
scattering centers, thus reducing carrier mobility. Slight increase in μHall and reduced charge
carrier density in 10%-In doped Bi2Se3 compared to Bi2Se3 could be reasoned to reduction in
intrinsic defects as seen previously in In1-xSnxSe [169].

Figure A.2: a) Sheet resistance (RS) as a function of temperature (T) at B = 0 T. b) Sheet
resistance (RS) as a function of magnetic field (B) at T = 2 K. c) Sheet resistance (RS) at low
temperatures (T < 10 K) indicating weak anti-localization. d) Hall resistance as a function of
magnetic field (B) at T = 2 K.
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Hall mobility and charge carrier density of 20 QLs Bi2Se3 on BL is shown by star (★)
Figure A.1d and A.1e. At room temperature, μHall ≈ 518 cm2V-1s-1 and ne ≈ 1.1 × 1013 cm-2 was
estimated. Charge carrier density of ≤ 1013 cm-2 is desired in order for electron transport through
topological surface states instead of bulk [166]. In order to observe transport through topological
states, Hall measurements were carried out at low temperatures (2 K ≤ T ≤ 300 K) and it is
shown in Figure A.2. Sheet resistance (RS) is defined as scaled resistance with geometric
dimensions as RS = RXX × W / L. Decrease in sheet resistance is typical signature of metallic
behavior as seen in Figure A.2a. For T < 10 K, sheet resistance increased slightly as seen in
Figure A.2c and it is a first signature of weak anti-localization and transport through topological
states. Dependence of sheet resistance on magnetic field is shown in Figure A.2b. Sudden
decrease in sheet resistance around zero magnetic field is another signature of weak antilocalization and transport through topological states. Thus, we can conclude that transport in 20
QLs Bi2Se3 on BL occurs through topological states. Further improvement is mobility and lower
charge carrier density could be possible with different growth parameter and/or incorporation of
appropriate dopant.
A.4 Conclusion
In summary, we have successfully grown (Bi1-xInx)2Se3 thin films with different In
doping using molecular beam epitaxy (MBE). 10%-In doped Bi2Se3 exhibited higher Hall
mobility and lower charge carrier density in compared to Bi2Se3. Signature of weak antilocalization and transport through topological states can be seen in 20 QLs Bi2Se3 grown on BL.
For topological studies, traps state have adverse effect and lower defects (or charge carrier
density) are desirable.
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